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perfect axial registry of molecular chains, suffered from the occurrence of
short intermolecular contacts and were rejected from further consideration.
In another phase of the research on polyparaphenylene oligomers,
‘variable temperature crystal data for the unsubstituted p-quinquephenyl
(PQP), p-sexighegyl (PSP), p-septiphenyl (PSeptiP), §s well as the
substituted 2°,47-diphenyl-p-quinquephenyl (DPQP), 2°,6 -diphenyl-p-septi-
phenyl (DPSP), and 1,2,4-triphenylbenzene (TPB) oligomers are reported.
The unsubstituted oligomers exhibit a solid state transition when cooled
from room temperature to 110K, as indicated by a change in crystallographic
space group. No transition is observed for the substituted oligomers other
than the usual contraction of the unit cell. The transition observed for
the unsubstituted oligomers is interpreted in terms of a conformational
change from an "average" planar structure to a static non-planar one.
Comparisons of the room and low temperature crystal data are presented.

The crystal structure analysis of the molten salt precursor,
1-methyl-3-ethylimidazolium chloride (MEIC1l), was completed as part of an
investigation of the ion-ion interactions in room temperature melts, where
mole fraction N of AlCl, is less than 0.5. Hygroscopic crystals of MEIC1
were grown in acetonitrile and sealed under helium gas in a capillary tube.
The MEI  ions cluster in four distinct layers perpendicular to the c-axis.
Similarly, the arrangement of Cl ions is a,6layered one. Each Cl ion
interacts with three MEI  ions and each MEI ion is associated with three
nearest Clions. Cl ions are situated in reasonable hydrogen-bonded
positions rather than at random, suggesting this interaction to be a
weak hydrogen bond. Evidence for hydrogen bonding of Cl1 ions at the three
ring C-H bonds in basic MEICL/A1Cl., melts is presented.

In the area of research on elgctro-active materials, the effect of
alkyl substitution on the amino group and the placement of bulky groups on
the aromatic ring in nitroaniline derivatives have been investigated
through a determination of the crystal structures of 2-[2-(N,N-dimethyl-
amino)-5-nitrophenyl ]benzothiazole, 2-[2-(N-methylamino)-5-nitrophenyl]
benzothiazole, 2-[2-(N,N-diethylamino)-5-nitrophenyl ]benzothiazole, and
2-(trimethylsilylethynyl)-4-nitro-N,N-dimethylaniline. 1In all four
compounds, the alkyl groups attached to the amino nitrogen atom prevent the
formation of intermolecular (N)-H...0 hydrogen bonds between amino and
nitro groupz. Instead, the molecules exhibit (C)-H...0 intermolecular
interactions between the nitro group and hydrogen atoms of the aromatic
ring and alkyl groups. Two distinct types of packing, herringbone patterns
and planar stacks, are observed with the closest interactions associated
with the planar stacking of molecules.

In the area of computational chemistry, semiempirical AM1 calculations
have been performed for the second hyperpolarizabilities, , of poly-p-
phenylene and polythiophene oligomers. Calculated values are compared with
experimental degenerate four wave mixing results and static field estimates
from these experimental results. The relative calculated values agree well
with experimental values when the latter are corrected for dispersion
effects. Another area is the study of the electronic structure and
statistical properties of quasi-particles in polymeric materials.

Solitons, antisolitons, polarons, and bipolarons are known to play a role
in the conduction of electric current in these polymeric materials.
Pristine and doped polyacetylenes have been used initially to study the
geometrical and electronic distortions in oligomers and infinite polymers.
The computational approach has been based on the semiempirical
self-consistent LCAO-MO theory at the AM1 level of approximation for finite
systems and the corresponding LCAO-CO theory in the tight binding
approximation for infinite systems.
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I. SUMMARY

The structures of poly(p-phenylenebenzobisthiazole) (PBZT)
and poly(p-phenylenebenzobisoxazole) (PBO) fibers have been
determined by fiber diffraction techniques (see Reprint 4 for
details). D-spacings were obtained from equatorial and
meridional scans recorded on a four-circle diffractometer.
Intensity data were derived from x-ray rotation patterns taken
on Weissenberg and vacuum cylindrical cameras. Unit cells were
found to be monoclinic and non-primitive, each containing two
chains per cell. The conformational torsion angle between the
bisthiazole and phenylene units and the orientation of chains
within the unit cells were obtained from a 'linked-atom
least-squares' (LALS) refinement procedure. A packing model
has been proposed for each fiber in which two independent
molecular chains are displaced longitudinally by discrete rather
than random increments. Primitive unit cells (Z = 1), besides
requiring perfect axial registry of molecular chains, suffered
from the occurrence of short intermolecular contacts and were
rejected from further consideration.

In another phase of the research on
polyparaphenylene oligomers, variable temperature crystal
data for the unsubstituted p-quinquephenyl (PQP), p-sexiphenyl
(PSP), p-septiphenyl (PSeptiP), as well as the substituted

22,45-diphenyl-p-quinquephenyl (DPQP),

22

,65-diphenyl-p—septipheny1 (DPSP), and
1,2,4-triphenylbenzene (TPB) oligomers are reported (see
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oligomers exhibit a solid state transition when cooled from room
temperature to 110K, as indicated by a change in
crystallographic space group. No transition is observed for the
substituted oligomers other than the usual contraction of the
unit cell. The transition observed for the unsubstituted
oligomers 1is interpreted in terms of a conformational change
from an "average" planar structure to a static non-planar one.
Comparisons of the room and low temperature crystal data are
presented.

In collaboration with a group at the Frank J. Seiler
Research Laboratory, United States Air Force Academy, the
crystal structure analysis of the molten salt precursor,
1-methyl-3-ethylimidazolium chloride (MEIC1), was
completed as part of an investigation of the ion-ion
interactions in room temperature melts, where mole fraction N of
AlCl3 is less than 0.5 (see Reprint 3 for details). Hygroscopic
crystals of MEICl were grown in acetonitrile and sealed under
helium gas in a capillary tube. The asymmetric unit contains
four MEI'...C1™ ion pairs. The MEI* ions cluster in four
distinct 1layers perpendicular to the ¢-axis. Similarly, the
arrangement of Cl  ions is a layered one. Each Cl  ion
interacts with three MEI' ions and each MEI' ion is associated
with three nearest Cl  ions. The distance of a Cl1 ion from
a ring carbon atom averages 3.55 A. C17 ions are situated in
reasonable hydrogen-bonded positions rather than at random,
suggesting this interaction to be a weak hydrogen bond.
Evidence for hydrogen bonding of C1  ions at the three ring C-H
bonds in basic MEICL/A1Cl; melts is presented.




In the area of research on electro-active materials, the
effect of alkyl substitution on the amino group and the
placement of bulky groups on the aromatic ring in nitroaniline
derivatives have been investigated through a determination of
the crystal structures of
2-[2-(N,N-dimethylamino)-5-nitrophenyl jbenzothiazole,
2-{2-(N-methylamino)-5-nitrophenyl Jbenzothiazole,
2-[2-(N,N-diethylamino)-5-nitrophenyl jbenzothiazole, and
2-(trimethylsilylethynyl)-4-nitro-N,N-dimethylaniline {see
Preprint 2 for details). In all four compounds, the alkyl
groups attached to the amino nitrogen atom prevent the formation
of intermolecular (N)-H...O0 hydrogen bonds between amino and
nitro groups. Instead, the molecules exhibit (C)-H...O
intermolecular interactions between the nitro group and hydrogen
atoms of the aromatic ring and alkyl groups. Two distinct types
of packing, herringbone patterns and planar stacks, are observed
with the closest interactions associated with the planar
stacking of mol:cules. The dialkylamino substituents extend
above and below the molecular plane, which is comprised of
essentially coplanar ring systems.

In the area of computational chemistry, semiempirical aMm1
calculations have been performed for the second
hyperpolarizabilities,‘x, of poly-p-phenylene and polythiophene
oligomers (see Preprint 3 for details). Calculated values are
compared with experimental degenerate four wave mixing results
and static field estimates from these experimental results. The
relative calculated values agree well with experimental values

when the latter are corrected for dispersion effects.




Another area of the computational chemistry effort is the
study of the electronic structure and statistical properties of
quasi-particles in polymeric materials. Solitons, antisolitons,
polarons, and bipolarons, in one way or another, are known to
play a role in the conduction of electric current in
these polymeric materials. Pristine and doped polyacetylenes
have been used 1initially to study the geometrical and
electronic distortions associated with quasi-particles in
oligomers and infinite . polymers. The computational approach
has been based on the semiempirical self-consistent LCAO-MO
theory at the AM1 level of approximation for finite systems and
the corresponding LCAO-CO theory in the tight binding

approximation for infinite systems (see Preprint 4 for details).




II. RESEARCH OBJECTIVES

The structures of poly(p-phenylene benzobisthiazole) (PB2ZT)
and poly(p-phenylene benzobisoxazole) (PBO) have been of
interest for the past decade. Numerous publications have
advanced the understanding of the fiber and film structures of
these rigid rod chains ([1-3]. Our approach has been to apply
the 1linked-atom least-squares (LALS) method to PBZT and PBO
fibers exhibiting the highest order observed to date. The
results, representing the equilibrium crystal structure, serve
as a vehicle by which one can measure progress in reaching a
fully ordered structure by processing improvements. The goal is
to understand changes in structure and morphology imparted by
chemical or physical means (in fiber processing, for example),
and to relate these changes to the properties observed for these
rigid-rod materials.

The study of oligomers of poly-p-phenylene (PPP) is
part of the continuing research on the structure and morphology
of rigid-rod polymers. Aerospace applications of these
materials require a broad range of operating temperatures and
conditions. Basic morphological information is needed about
factors such as the relative orientation of phenyl rings,
crystal packing forces, and the nature of the structural
transitions observed at 1low temperatures in crystalline
samples. Tedious synthetic procedures coupled with a high
melting point and low solubility have made PPP a difficult
polymer to prepare and fabricate. Paraphenyls of specific chain

length which incorporate pendant groups have recently been




prepared by a new synthesis procedure utilizing intermolecular
cyclization [4]. Single crystals of sufficient size for
structural analysis have been grown by sublimation and
recrystallization techniques.

Research objectives in computational chemistry have been
concentrated in two main areas. First, ways to compare
calculated static values of the hyperpolarizability with
experimental values, measured at a particular frequency, have
been investigated. As expected, the effect of the radiation
frequency is considerable, even for resonant frequencies. Since
comparisons between calculations and experiment are usually made
without allowing for the frequency effect, the discrepancies
come out to be larger than they should be. This was the case
particularly with oligomers of p-phenylene and thiophene, as
had been previousiy pointed out by Goldfarb, Reale and Medrano
(5].

Secondly, the discovery that doped polyacetylene and other
polymers can have electrical conductivity which are several
orders of magnitude larger than for pristine material prompted a
world-wide research effort., It was soon realized that
quasi-particles were being created by the doping process (they
can also be photoregenerated), and that it was necessary to
understand the associated geometrical and electronic structure,
as part of the whole picture. A study of the electronic
structure of quasi-particles such as solitons and polarons in

infinite polymers was initiated.




III. STATUS OF RESEARCH EFFORTS

Computational Chemistry. It is possible to estimate the effect
of dispersion on degenerate four wave mixing (DFWM) experiments
under the assumption that most of the nonlinearity of a
delocalized pi-cloud comes from the lowest excited state by the

formula,
X(0) = (w2 - whHtm %1 Y ()

This gives the static value Y (o) in terms of the frequency w at
which the DFWM experiment was performed in obtaining ) (w). The
experimental results for the above-mentioned oligomers, as a
function of the number of repeat units, were thus corrected,
leading to a dramatic improvement in the agrrement between
calculated and measured values. A paper (see Preprint 3)
reporting these results has been submitted for publication in
the Journal of Chemical Physics. This work has been undertaken
in cooperation with H. Kurtz at Memphis State University.

For the study of quasi-particles in polymeric materials,
most of the calculations performed to date have used the Su,
Schrieffer and Heeger (SSH) hamiltonian [{6]. The SSH approach
however is still too crude for the kind of accuracy that is
needed since it is basically a Huckel-type approximation with
sigma bond compressibility, and electron-electron Coulomb

interactions are completely neglected. On the other hand,




several self-consistent LCAO-MO calculations have been performed
on finite oligomers of polyacetylene, both semiempirical and ab

It was felt necessary to undertake a reliable and
comprehensive study of quasi-particles, mostly in infinite
polymers, since these are a better approximation to real
systems. Additionally, the effect of the dopant cannot be
disregarded and should be included in the calculation, which
should be performed at the SCF-MO-LCAO level of theory. The
repeat units used for the polymer calculation have to be quite
large in order to prevent the concentration of quasi-particles
to become unrealistically high. Even at the semiempirical AM1
level of approximation, these calculations are extraordinarily
demanding of cpu time. The first results which were obtained
have already been accepted for publication (see Preprint 4) [7].

There 1is still much to be done, especially with regard to
the calculation of the band structure of materials containing
quasi-particles, before a more complete picture begins to
emerge. It is felt that our calculations are sufficiently
sophisticated and reliable for systems of such large size to
contribute to the understanding of the electronic structure of

organic conductors.
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STRUCTURAL TRANSFQ'SLMyAPﬂONS IN CRYSTALLINE OLIGOMERS OF
'ARAPHENYLENE

KENNETH N. BAKER®, HOWARD C. KNACHEL®, ALBERT V. FRATINT®, and W.
YDepmmem of “ Uni of Dayton, 300 Colle H

: istry, University Park, Dayton, OH 45469,
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ABSTRACT

We repon the room and low temperature crystal structures of the unsubstituted p-
quinguephenyl (PQP) and p-sexiphenyl (PSP), and substituted 22,43-diphenyl-p-
?gnquephenyl (DPQP), 22,6%-diphenyi-p-septiphenyl (DPSP), and 1,2,4-triphenylbenzene

B) polyparaphenyiene oligomers. unsubstituted oligomers exhibit a solid state
wansition when cooied from room temperature to 110K, as indicated by a change in
crystallographic space group. No mransition is observed for the substituted oligomers other
than the usual thermal contraction of the unit cell. The ansition observed for the
unsubstituted oligomers is interpreted in terms of a conformational change from an
“averaged” planar soucture (o a sutic non-planar one. Comparisons of room temperature

and low temperanure crystal data are presented .

INTRODUCTION

Oligomers of polyparaphenyiene (PPP) have been of interest in our laboratory as pan of
continuing research on the structure and motrphology of rigid-rod polvmers. Aerospace
applicarions requiring a broad range of operating iemperatures and conditions require that
any structural transition temperatures must be known. Much basic morphological
information is still needed about factors such as the arientation of one coaxial ring to another
and crysai packing forces in high perfarmance polymers of this type. i

Tedious synthelic coupled with a high melting and low solubility have
made PPP 3 difficult polymer to prepare and fabricate{1,2]. P-polyphenyls with a specific
chain length and incorporating pendant groups have been recently prepared using 8 new
synthesis procedure utilizing intermoiecular cyclization(3).

We have obuained high purity samples of PPP oligomers from which single crystals of
sufficient size for structure analysis were sublimed or recrysullized. In a continuing
investigation of the molecular structure, crystal packing, and structural transformations of
PPP oligomers, we have studied p-quzin:suephenyl (PQP), p-sexiphenyl (PSP), 22,45-
diphenyl-p-quinquephenyl (DPQP), 22,65-diphenyl-p-septipheny! (DPSP), and 1.2.4-
triphenyibenzene (TPB). *heﬁmfwmpounds have the general structure (1)

A

wheren= 1 and R = H for PQP,n = 1 and R = & for DPQP, n = 2 and R = H for PSP, and
n=3and R « & for DPSP. TPB was included in this present study since its room
emperature sructure has not been reported.

0. Aes. Bou. Symp. Feus. Vei. 159, - WD Mntongte Resssren Somesy
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EXPERIMENTAL METHODS

Samples of PQP, PSP, DPQP, DPSP, and TPB were obtained from Bruce Reinhardt,
Mazerials Wright Patterson Air Force Base. PQP and PSP samples were
sublimed t obuin good ity crysuals; otherwise, the samples needed no additional
Epnlﬁq Dm'g:pmﬁonﬁgnml’ 11 : Daumﬁmmd e

wpment -11 computer. stucture
determination were accomplished using the Swucture Determination Package (SDP)(4)
software on a Digital Equi ion VAX 11/730 computer. The final R values
ﬁumwau of reflections 0 the number of parameters
varied are (663:136), 0.062 (623:163), 0.049 (1061:190), 0.046 (1537:244), and
0.036 (1839:219) for PQP, PSP, DPQP, DPSP, and TPB, respectively. Complete
mdwmﬁubﬁvnhmmﬁwm. Cooling of the crystal was
accomp! with an onius nitrogen cryostat for
1 lished with an Enraf Nonius FRSS8NH liquid ni for the CAD4
instrument.

RESULTS AND CONCLUSIONS

Table I summarizes current results along with published results for biphenyl(BP), p-
terphenyl(PTP), and p-quaterphenyl(PQuatP) and one can see several trends. As the number
of phenyl uaits in the oli chain increases, one observes a direct increase of

i y 4.1 A in the ¢ lamtice dimension of the monoctinic unit cell per paraphenylene
zuhmmtmmym%wﬁﬁpmmhnmw&um
oligomer axis to be approximately ali i ¢ crysullographic axis. unit cell
mmmﬁmlmmmmwnwmwymmm
¢ crvsutlographic axis.

The low temperature unit cell is a superiattice of the room temperature unit cell with
parameters & and b doubled to account for the greater displacement of the non-planar
oligomer. The low semperature crystal soructures of PTP{8] and PQuatP{10] were solved
using a triclinic unit cell. At room temperature the cryswal sgucture indicates a planar
oligomer probably resulting from the sverage of several non-planar conformations. At low

u?muwﬁcmplmmurﬂmd.

gure 2 summarizes the meiting points of p-pol and their respective transition
emperanures. A steady rise in temperature is as the oli increases in length 5o
that the predicted transition temperatures for PQP and PSP should be above room
temperature. However we report here that the swuctures of PQP and PSP remain planar at
room temperature and Differential Scanning Calorimerry (DSC) measurements indicate that
there is no ransition other than melting at higher temperatures. Upon cooling of PQP and
PSP single crystls to 110K, unit cells very similar to the room tsemperature unit cells were
found initially, However, after 24 hours a crystl phase transition had occurred. Both DSC
analysis and X-ray powder diffraction taken as low as 143K and held for several

days reveaied no structural transition. cmhﬂemmemsiﬁonwmm
between 143K and 110K, as indicated by the error bars in Figure 2, and is time dependent.
“This transition could be non-first order as observed for biphenyl[5.6] in which a soft mode
exists below its transition temperature. More experiments are planned to study this

As is the case for most high temperature-resistant pol PPP degrades before it
meits: bowever, for comparison purposes there is interest in ing the theoretical meiting
point of the polymer. Literature PPP 1o be infusible{11), but by the extrapolation of
experimental melting points of PPP cligomers (Figure 3) we estimate the melting point of
PPP © be 1020K. Exmapolated melting points of 620K and 1260K have been reported for
mumﬂmhylenc)[m and KeviarTM[13], respectively. Those extrapolations are

on melting poins depression associated with end group concentration in polymers{14].

The low empenature crysal soucnure of DPQP is isostructural with its room temperature
erystal sructure indicating 0o souctural transition. Ina to be published elsewhere(15)
we report that the addition of pendant groups to the oligomer results in a distortion of
plananty of the unsubstituted oligomer, but the torsion angles change less than an average of
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Reprint 1

Figure 1. Flaz, side and unit cell views of PQP and PSP.
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Figure 2. Plot of ansition (=== K) and melting (=e-,K) vs. oligomer length (n).
g Melting data, taken from D Cug:tmu.ueufolhm.n K{2),
3431((2 483K[2), 591K(2], 661K[3). 710K[3), 741K[3].md764K[3]

forn= | - 8, respectively. Transition 40K[6], 191K[7],
and 243K(10) forn « 2 - 4, respectively. m::n-SnMGmc
femperagure range for observed mansition.
01
Log (17)
0011
“~1020
m&.o 0.2 0.4 0.8
in

Figure 3. Plot of log of inverse meiting point (log (1/T).K) vs. inverse oligomer length (1/n)
g Mm‘:‘ the exrapolated melting point of high polymer PPP.
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Pigure 4. Molecular views of DPQP, DPSP and TPB.




19 betwsen room and low wmperature. As the leagth of the substituted PPP oligomer
hamnmmia ‘i::’b:vd ndnnpmwm The
substituted oligomers are presensed in Figure molecules formn & hesringbone pantern
in the unit cell. More compounds in this series are being stdied.
invxdpﬁou. mwmmfamw ml"lwwedm
calculated for the rigid-rods ly(r- benubughmleg (PBZT) znd poly(p-
Febeocumd biphaayl ""E’w* Ll ""“rn e wih rysalopapias
data for substituted PPP oligomers. Memhmmw the absence of crystal
packing forces have the rings perpendicular 10 each othes. This suggests that the constraints

whhmﬂnnitullmm eacugh 1o overcome the ortho-hydroges repulsion.
wcnhmshw???mm.hghwmmem“mdnm;h

hich interes: in PPP
compressive stren, 17]' encourages continued in oligomers as potential
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Crystal structures of poly-paraphenylene
oligomers containing pendant phenyl groups

Kenneth N. Baker and Albert V. Fratini
Departrment of Chemistry, University of Dayton, Dayton, OH 45468, USA

and W. Wade Adams®
Polymer Branch, Materials Laboratory, Wright Research and Development Center,

WPAFB, OH 45433-6533, USA
(Received 11 July 1889; revised 25 September 1989; accepted 30 Septerber 1989)

_The room temperature crystal structures of 1.24-triphenylbenzene (TPB), Co H,q; 2°4°-diphenyl-p-
qmnquphenyl (DPQ), C,;Hy0; and 22,6%-diphenyl-p-septipheny (DPS), Cs4Hyq, bave been investigated
&3 part of & research programme in rigid-rod polymers, materials which are of great interest for acrospace
and electro-optical applications. The molecules are non-planar. in contrast 10 the planar structures found
at room temperature for the unsubstituted polyphenyls. The oligomer axis does not align with any of the
crystallographic axes. The pendant-oligomer bond. however. does align with the longest crysallographic
axis. mpeudanttmnﬂeumunhnu'mdmwhmgchmbnm Knowledge
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calcutations of medannl.
structures.

elecuo-opnul propema for the conapondmg npd-rod polymer
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INTRODUCTION

The past few years have-seen the activity in the area of
conducting polymers grow at a very rapid rate. The
widespread interest in conducting polymers clearly reflects
their perceived technological potential’. Attention has
focused on the pi-bonded polymers such as poly-
paraphenylene (PPP) for several reasons. It can be
oxidized to a polymeric cation rather than undergo other
chemistry and thereby be made electrically conducting;
it is tbenmﬂy stable: pi-orbital overlap may create
interesting non-linear optical (NLO) properties: and
improved methods have been reported for the synthesis
of oligomeric soluble prepolymer

The generation of charge carriers in the polyphenyls .

occurs by doping and the subsequent formation of ionic

species. e.g.. a polymeric cation and a counter ion.

Electrical conductivity as high as 500ohm ™* cm ™! has been
achieved with dopants such as Li, K. and AsF, (ref. 3).
The polymer chains. as for organic moiecules in general,
adopt & different conformation in the ionized state
compared to the neutraf state. Conformation differences
would lead to changes in the amount of pi-orbital overlap
Mgwmmuwua&atuw
properties of the polymer
lnuongoingmdyof???ismelecmaﬂy
conducting rigid-rod polymers, the room tempersture
structures of 22.4°-diphenyl-p-quinquephenyl (DPQ),
23 6°-diphenyl-p-septiphenyl (DPS), and 12.4-triphenyl-
benzene (TPB) have been determined. TPB was included
in the present study because its room temperature crystal
structure had not been reported. The first two compounds

* To whom corrmspoadence should be addresed

032-3“! 50091623-0%
¢ 1990 Butserworth-Heinemann Ltd.

have the general structure,

~where n=1 for DPG and n=3 for DPS. Letters (A, B,
etcl.xefertotheconnecungbondalongtbemmnchun

Mmmmﬂ(ﬁm:)n&rtodntomonmgla
between adjwent pheny! groups. These compounds were
synthesized in order to obtain a better understanding of
how rigid-rod molecules pack in solids and how chain
length affects packing. In addition. recent calculations*
have indicated that PPP is a very stiff molecule which.

il processed into fibres using high molecular weight
polymer. would have very high tensile modulus.

EXPERIMENTAL

Oligomers were synthesized by Bruce Reinhardt, Materials
Laboratory, Wright Patterson Air Force Base, according
10 & Dew method which involves intermolecular cycliz-
ation’. The highly crystalline samples required no
additional purification and/or crystal growth. Density

POLYMER, 1980, Vol 31, September 1623




Crystal structures of poly-parsphenylene oligomers: K. N. Baker ot a!.

measurements were made by flotation in mixed solvents
containing methyl alcohol and methylene chloride.
Reflection data were collected on an Earaf Nonus

Reprint 2

Table 2 Atomic positions of 124-triphenyibeazene. Numbers in
parcathesss are estimated standard devistions in the beast significant

CADAM diffractometer coupled with a DEC micro PDP-11 Acm = y A 2 A
computer and processed on a VAX 11/730 using software
in the Structure Determination Package (SDP)*. Structure Ci 0.6605(2) 0.1066(1)  ~0.02818(9)  3.51(3)
solutions were determined by MULTAN 11/82° and o] 0.6238(2) 00967(1)  —00998(1)  3954)
SHELXS-86". The method of refinement followed the & §55083) 93030 01000  $360)
general scheme: (1) isotropic refinement of carbonatoms ¢ 0.5875(3) 02UI1)  —00368(1)  S765)
using unit-weighted reflections; (2) isotropic refinement o] 0.6415(2) 0.1764(1) 00022(1)  5.17S)
of carbon atoms using unit-weighted reflections; hydrogen c? 0.7186(2) 0.0445(1) 00139209)  3.46(3)
atoms, with fixed thermal factors, positioned in idealized €3 067042)  -002M(1) 00002(1)  3874)
geometries and constrained 10 its attached carbon atom go &g}}g} ':g;“:: pyrons i ;g;:;;
with a bond length of 0.95A; (3) anisotropic refinemeat ¢y 088152)  —0000%(1) 009859  33403)
of carbon atoms using unit weights with hydrogen atoms c12 0323202) 0.0567(1) 0059229)  3.65(4)
scll constrained 1o attached catbon atoms; (Hasisowopic €3 QWS ZOION  Gloeny 43
weights w:z:rhyd a mm:: xn"“m.m m') c1s 086412)  ~02526(1) 0.1991(1)  S.05(5)
rogen on Ci6 099283)  —0.2682(1) 0.1922(1)  5.53(5)
atoms. Subsequent m rgﬁnanent of bt;ydrogen gr: :mm(;: .g,};g(: ; 0.15471) 2.33(2)
atoms, as expected, vield appreciably better 1 0206( ~0.1858( 0.1236(1) 49(4)
uced io. Cc19 0.9919(2) 0.018899) 0.14651(9)  3.41(4)
results due 1o the reduced data-to-parameter ratio €0 099582)  —000321)  02188(1)  426i4)
Cu 1.0960¢2) 0.0181(1) 02634(1)  S5.115)
S g pun  azen o
. .1647(1) !
RESULTS %4 ‘l,g;om ggggsm) 0.1201(1) ;.(n‘sm
. ; . , -0.122 X
Table 1 lists crystallographic and data collection par- H3 0543 - 0.146 ~0.188 56
ameters. and final refinement resuits. Figure 1 shows the He 0.516 0.263 -0.135 60
Ll;BJmoleeule with the carbon atoms labelled. Tables 2 :z g.zz gﬁi -og;s :g
contain the atomic positions, bond distances, and ' . 0.051
bond angles. respectively. Figure 2 shows a stereo view a: gi:z :g‘,’;i ‘ggﬁ f'g
of the molecular packing in the unit cell. HI2 0357 0.106 0.063 46
DPQ is shown in Figure 3 with the carbon atoms of Hi4 0.724 -0.17 01m 53
the asymmetric unit labelled. Tables 4 and 5 present the H1S 0.810 ~0.286 0226 64
atomic positions. bond distances, and bond angles,  Hl¢ 198 -0 03 s
mpecgively._'l'he stereo view of the molecular packing in Hig 1.0% :0.122 ofm 57
the unit cell is shown in Figure 4. The molecule possesses H20 092 0034 0237 s4
a centre of symmerry. H21 1.097 0.003 0313 6.6
The DPS molecule with the carbon atoms of the  H2 1263 007 0267 6.5
asymmetric unit labelled is shown in Figure 5. Atomic g :ﬁg ::",.',; g:",;f :':
positions. bond distances. and bond angles are presented ' :
Table 1 Crvatal daa
Name 124-Triphenyi benzene 23 4%.Diphenyl-p-quinquephenyl 23 6°-Diphenyi-p-aeptiphenyl
Formula C;‘Hu c‘j"” c““ll
FW 306.4 $34.7 6869
Ta (C) 123 ns s
;ne group :lsa !2,.’: rl
aA) 10.3686) 6.304(3) 132
Ay 17.098(4) AN 13.596(2)
ctA) 184745) 7651 6.138(2)
x (degrees) 90.0 900 10233
ﬁ (dquen 90.0 106.184) 96.51(2)
90.0 900 102.741)
Vol cf') 2834 1456.42) 9183(8)
Density,,, (g cm’) 1.187 1219 1.242
Density,,, (g cm?) 1.186 1188 1.236
Number of total reflections © 19698 $304 asss
Number of unique reflections > 3o 1839 1061 1537
Number of parameters varied 217 190 244
R 0.036 0049 0.045
_w 0.050 0.061 0.062
SIF)

0.w. - W“’J-"J
WY

1624 POLYMER. 1890, Vol 31, September
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eprint 2

Table 3 Bond distances and angies for 1 24-triphenylbsnzane. Numbers in parentheses are estimesed standard devistions in the lsast significan: digit

Atom | Atom 2 Distance (A) Atom 1 Atom 2 Distance (A)
Ql Q 1.388(2) cn cn 1.996(3)
Ct Cé 1.38203) C11 (o} 1.489(2)
C1 (o) 1486(2) 13 Cl4 1.387(3)
Q a 137713) C13 cn 1.38303)
C3 C4 1I3™) C14 C1$ 138203)
C4 Cs 1373(3) C1s Clé 1.369(3)
Cs Cé 1.381(3) C16 Ci1? 137303)
(or s @ ] 1.39203) cn C13 1382(4)
(oy) C12 1.38702) C19 c0 1.394(3)
cs (o] 1.3833) C19 CH 1384(3)
(o] Cio 1.393(3) 0 o] 1.300(4)
C10 Cll 1.405(2) Qi cQ 138103)
C10 c13 14892) (] 3 1.380(3)

€23 CH 1.382(2)
Atom | Atom 2 Awom 3 Angle (deg) Atom | Aom 2 Atom 3 Angle (deg)
[ o0 Cl s 11730Q2) c1n2 cn C19 118002}
Q Ct < 121.0(2) c? C12 cn 122.5(2)
Ccs C1 (o) 121.3(2) Ci10 C13 Cis 120.4(2)
(o} Q a 121.2(2) (o 1) C13 Cis 121.5(2)
Q [ o) Ce 120.4(2) Cl C13 (o4} ] 118.042)
[ on) C4 Cs 119.4(2) Ci3 Ci4 C1s 1212(12)
C4 Cs (o3 120.2(3) Cl4 Cls Cté 120.002)
Ci Cé CS 121.3(2) C15 Cié 17 119.4(3)
C1 [og] Cs 121.2(2) Clé c1? Cis 1209
Ci c? C12 121.1(2) 13 C18 17 120.4(4)
Cs (o) C12 117.20Q2) c1 c19 CY 12L.12)
7 . C8 (o) 120.6(2) cn C19 C1 119.72(2)
Cs (o) Cl10 121.8(2) C0 C19 Cu 118.6(2)
(o) C10 (9}] 1182(2) C19 C20 (o) 121,02}
(o (o [1] C13 117.9(2) Cx Q1 R 119.712)
cn Cto cn 123.9(2) CA cn c 120.0(2)
Ci10 (@} C12 119202) 2 c Cu 120.4(2)
(o]} cn C19 122942) C19 C24 c3 120.4(2)

Figere | 1 24-Triphenylbenzene with carbon atom ellipeocids drawn
&t the 30% probability level

in Tables 6 and 7, respectively. Figure 6 depicts a stereo
view of the molecular packing of the structure in the unit
cell. This molecule also possesses a centre of symmetry.
(Observed and calculated structure factor amplitudes and
other details of the structure analysis have been deposited
at the British Library Copyright Receipt Office® as
suppiementary material to this paper.)

DISCUSSION

Table 8 summarizes the bond lengths between neigh-
bouring pheny! units for structures determined at room

*British Library Copyright Receipt Office. ) Sheraton Sirset. London
WiV 4BH, UK

temperature. The values are not significandy different
than the corresponding distances in the unsubstituted
PPP*-11_A significant shortening of these bond distances
in the substituted oligomers would have indicated more
double bond character and increased electron delocaliz-
ation. It should be noted that the contribution of the
quinoid resonance structure is believed to increase upon
doping of PPP* with alkali metals. This is accompanied
by a decrease in aromaticity and an increase in electron
delocalization. Thus, it is not certain whether pendant-
containing PPP could therefore be doped with alkali
metal ions to produce better electronic conductors and/or
NLO materiais.

The bond angies are very close to the expected 120°
value with the largest deviations in angles associated with
connecting phenyl units, The oligomer axis of each
molecule is essentially coaxial and small deviations are
probably due to steric hindrance of the phenyi pendant
groups. Deviations of the oligomer axis carbon atoms
from the best least squares line fit. plotted in Figure 7,
show that DPS is distoried the most of the three
oligomers. When viewed down the chain axis. DPQ has
a small sinusoidal-shaped wave perpendicular to the
plane of the central ring, whereas TPB and DPS are
bowed. The terminal pheny! ring of TPB (C13-C18) is
7° from being collinear with the oligomer axis. These
contortions of the oligomer axis are shown in Figure 8.

In all three oligomers. the oligomer axis does not align
with any of the crystallographic axes: however. the bond
connecting the pendant to the oligomer aligns preferen-
tialiy along (or nearly so0) one of the crystaliographic
axes. In TPB the pendani-oligomer bond aligns close to

POLYMER, 1990, Vo! 31, September 1626




Crystal structures of poly-parsphenyiene oligomers: K. N, Baker et 8l.

Figuwre 2 Stereo view of the partial contents of the unit cell of TPB. Selecsed molecules are omittad for clarity. The b

axis is borizontal and the ¢ axis is vertical

Figwe 3 22 4%.Diphenyl-p-quinquephenyl with carbon atom ellipsoids
drawn at the S0% probability level

ith on front corners are omitied for clarity. The ¢

Figure 4  Sierso view of DPQ showing moleculsr packing in unit cefl.
Molecules positioned
axis is honzontal snd the b axis is verrical

18626 POLYMER, 1990, Vol 31, September

Table ¢  Atomic positions of 2 4*-diphenyl-p-quinquephenyl. Num.
bers in parentheses are emtimaied standard deviations in the least

significant digit

Atom x ¥y 2 B (AY)
Ct 0.8032(5) 0.0213(1) 0.9088(4) 368N
o] 1.1965(3) 0.0219(1) 1.0586(5) 4.48(8)
C3 1.0016(5) 0.0428(1) 0.9683(5) 4.40(8)
C4 0.35973(5) 0.0439(1) 0.8084¢4) 367N
Cs 0.5685(5) 0.0868(1) 0.8359(4) 179N
Cé 0.3824(5) 0.1093(1) 0.7367(4) JaQm
Log) 0.2203(5) 0.0877(1) 0.6023(4) 367()
cs 0.2476(5) 0.0446(1) 0.577614) 4.25(8)
(o] 04317%(%) 0.0227(1) 0.6810(5) 4.22(8)
C10 0.0256(5) o1 0.48204) 3.66(7)
(a}] 0.0476(S) 0.14671(1) 0.3885(5) 4.51(8)
cR -0.1353(6) 0.1665(1) 02777(5) 5.3(1)
(o] =0.3438(6) 0.1512(1) 0.2611(5) sS4
Cl4 =0.3688(6) 0.1145(1) 0.3490(5) 5379
C1s =0.1869(3) 0.0937%(1) 0.4609(5) 4.48(8)
Clé 0.3637(5) 0.1548(1) 0.7810(4) .338)
T 0.1831(6) 0.1700(1) 0.8328(5) 4929
Cis 0.1711(7) 0211%(1) 0.8807(6) 6.2(1)
C19 0.3376(7) 0.2395(1) 0.8793(6) 6.6(1)
[er. 1] 0.5186(7) 02252(1) 0.828816) 6.0i1)
[er]] 0.5316(6) 0.1832(1) 0.798(5) 4.7019)
H2 0.665 -0.044 0874 40
H3 1.004 0073 0.947 52
HS 0478 0.101 0926 4.5
HS 0.138 0030 0.438 s.S
H9 044S -0.007 0.663 s.s
HIt 0.191 0.158 0.402 s3
Hi2 -0.117 0.192 0212 64
H13 -~0471 0.166 0.1% 69
His 0512 . 0103 0333 6.5
H1S ~0.206 0.06% 0.524 58
HIT 0.066 0.151 038)s 6.0
His 0.048 o o 79
H19 0330 0.268 0914 82
H20 0633 0245 0828 7
H2a 0.657 0173 0.746 $6

a. while the pendant-oligomer bond in DPQ and DPS
aligns approximately paralle! 10 the b axis. In results to
be published. para-quinquephenyl and para-sexiphenyl
have their oligomer axes preferentially aligning with b
(ref. 12). Thus, with the exception of TPB, the pendant-
oligomer bond aligns with the longest crystallographic
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Table S Bond distances and angles for 2°.4°-dipbenyl-p-quinquephenyl. Numbers¢n parenthescs are estimated standard deviations in the lecst
. significant digit
- Atom 1 Atom 2 Distance (A) Atom | Atom 2 Distance (A)
C1 o ] 1.3814) G o 1.388(4)
- Ci Q 1.380¢4) C10 (w}] 1.382(5)
Q [ ae o 1.392i4) C10 C1s 1401(4)
c Qe 1.392(4) Cii c12 1379(4)
<1 [«] 1.49014) C12 (w k] 13794)
C4 (o] 1.38514) Ci3 Ci4 1.367(6)
C4 o 1.3864) Cl4 Cis 1.387%(S)
Cs Cé 1.389(5) Clé cn 1.390¢5)
Cé ? 1.405(4) Clé 2 1.385¢5)
Cé C16 1483(4) c1? C13 1.367%(S)
——— 7 (@ ] 1.385(5) Cis C19 1.367(6)
c? Ci1o 1.489(4) C19 C0 13716}
20 [or}] 1.382(5)
Atom 1 Atom 2 Atom 3 Angie (deg) Atom | Atom 2 Atom 3 Angie (deg)
Q2 C1 [ o] 117.14) C4 o Ccs 120.5(3)
[ of NS Q e 120.5(4) 7 Ct10 c1l 12.03)
Cl1 Q [ or of 121.7(4) 7 C10 Cts 119.5¢4)
Lor] (ox ) C1* 121.7(4) (o)) C10 C1§ 118.5(3)
a c Ci* 120.5(4) c1o0 cu c12 120.9(3)
C3 Ci C¢ 121.0(4) Cl} C12 Ci13 120.314)
Ct Ce Cs 1212(3) C12 C13 Cl4 119.744)
Cl1 Cs (o] 120.9(3) c1l Cl4 C15 120.9(4)
Cs (o ) (o] 118.1(3) Cto Ci1s Cl4 119.8(4)
(<} Cs C6 122 4(4) C6 C16 Ci7 121.5(4)
- Cs (o} 7 118.8(4) Cé Ci16 C21 120.7(3)
Cs Cé Cilé 118.143) cn Cié c21 17.9(3
C7 C6 (8] 123.013) Cle 1 Ci18 121145}
Cs a Ccs . 118.74) c1? Ci8 Cl9 120.7(4)
Cé [oy) C10 122.1(3) (of} ] C19 C0 119 .4(4)
(e ] (oy) C10 119.4(4) c1e C20 (ov3] 120.3(4)
< Ccs (o) 121.6(3) Cls [or]] (o] 120.714)

Figure § 22, 6-Diphenyl-p-septiphenyl with carboz atom ellipsoids drawn at the
$0% probability level

6 The ¢ axia stereo view of DPS showing molecular packing in unit cell. Molecules on rear comners are omitted
for clanity. The & sxis is horizontal

POLYMER, 1990, Vol 31, September 1827
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Table § Atomic positions ﬂ)‘.ﬁ’w Numbers i parentheses are estimated standard devistions in the least significant digit
Atom x y z B(AY) Atom x y z BAY)
Q1 0.5955(2) 0.533402) 0.388%5) 3.7%6) cu 1.1891(3) 107742 ~02842(6) $.719)
2 0.8515(3) 0.6040(2) 0332(5) 4N Cs 12395(3) 1.1418(2) ~00761(6) 5.46(8)
a 0.5417(3) 0.8279(2) 03591(S) 4351 C2 1.2498(3) 1.1005(2) 0.1086(6) $.63(9)
Cs 0.6961(2) 0.5681(2) 027%4) 3.68(6) cn 12106(3) 0.9934(2) 0.0831(5) 4.86(8)
Cs 0.6946(2) 0.5225(2) 0.0484(5) 4147 H2 0584 0.686 0.542 40
C6 0.7882(2) 0.5537(2) ~00607(5)  4.02(7) H3 Q.81 0.376 0252 40
(o) 0.8867(2) 0.6335(2) 0.0543(4) 3.64(6) HS 0.616 0461 -~0036 53
G 04885(2) 067502) 028155 4.00(7) Hé 0.7%0 0520 -0.5 st
o 0.794%(2) 0.6472(2) 0.389%:5) 396(7) HS 0965 0.137 03 .1
Cc1o 0.985%(2) 0.6701(2) ~0.0632(4) 3.726) HY 0.501 04681 0.560 50
Ci1 1.033002) 0.6003(2) «~0.2050(5) 4.10M) Hil 0999 0519 -0223 $3
C12 1.1240(2) 0.6361(2) «0.3156(5) 4.02(7) Hi12 1.164 0.586 -0415 53
c1 1.1712) 0.7422(2) ~02927(5) 3.716) H1S 1.001 0328 0.064 48
Cl4 1.1220(2) 05133(2) ~0.1541(4) 3.64(6) H1? L188 061 -0.719 8.7
c1s 1.0324(2) 0.7763(2) ~0.0412(5) 3.79¢6) His 1337 0.71? -0932 74
Ci6 1.2689(2) 0.7753(2) ~0.4146(5) 387(6) HI19 1520 04382 -~0.735 16
C17 1.2621(3) 0.728802) ~06430(5)  442(7) H0 1536 0938 -0.309 72
(o 1354303) 0.7581(2) ~0.7584(5) 5.70(8) H21 1378 01382 -~0.126 60
c1e 1.4544(3) 0.3336(2) ~0.6477(6) 6.00(9) H23 1.105 0520 -0476 6.0
C0 1.4637(3) 03793(2) ~0.4215(6} $.6709) HM L1712 1102 -0430 14
[ov)) 1312712) 0.8515(2) «03039(5) 4.517) H2S 1204 123 -0.048 68
c2 1.1624(2) 0.9279(2) «~0.1274(5) 3iTe H26 1291 1.148 0283 7.1
{erk] 1.1510(3) 09711(2) ~03105(5) 4.89(8) H2? 1221 0.967 0224 6.1

Table 7 Bond distances and angies for 22 6%-diphenyi-p-septipbenyl. Numbers in parentheses are estimated standard deviations in the least significant

digit

Atom | Atom 2 Distance (R) Atom 1 Atom 2 Distance (A)

C1 [or} 1.38%4) Ci13 Cis 1.404(4)

C1 (o] 1.397(3) cn C1é 1.487(5)

(v c3e 1.380(4) Cl4 Ci1s 1.384(4)

C3 (erid 1.380(4) Ci4 (o] 1.493(3)

C1 [« 1.481(4) Clé c1? 1.395(4)

Cé Cs 1.387(4) C16 (oo ]| §.404(3)

C4 (o) 1.393(4) C17 (o} ] 1.390(5)

Cs5 Cé 1.383(4) Cis C19 1372(4)

(] (o) 1.394(4) C19 C0 1.378(5)

(o} Cs 1.3974) C2 C2 1.384(5)

(or) C10 1.486(4) cx (o)} 1.382(4)

C8 (& 1.384(4) (2] (o)) 1.380(4)

C10 Ct1 1.395(4) C C24 1.384(4)

C10 C15 1.399(3) C24 C2s 1.386(4)

Ct} C12 1.382(5) Cs C26 1.374(5)

C12 cu 1.395(4) (e} [ovy) 1.393(4)

Atom | Atom 2 Atom 3 Angle (deg) Atom | Atom 2 Atom 3 Angle (deg)

Q Ci Q3 HLUI) C12 C13 Cl4 118.2(3)

Q C1 Cs4 121.512) C12 c1nl Clé 118.6(2)

C3 Ct C4 121.42) Ci4 cn Cl6 122.8(2)

(o] Cs Cs 1209(2) 1 Cla C1s 119.3(2)

Ct 2 [ox i 121.8(2) 1 Cu Q2 122.2(2)

(o] C3 [ ov of 121.142) C1s Cl4 2 118.5(2)

Q [ ox 14 c1* 121.4) C10 C1s Cl4 122.4(3)

(o ] c2* C1* 121.8(2) C13 Cié cn 120.5(3)

C) Ca o 1209(2) C13 Q6 o] 121.6(2)

Cs Cs 9 11823 Ct7 Ci6 Q1 117.8(3)

Ce Cs (o} 121.5(2) Ci6 cn Cis 121.12)

Cs Cé (o} 120.3(2) cn (o]} C19 120.1(3)

Cé (o] (&} 1182(3) Cis C19 Co 119.913)

Cé < C1o 120.8(2) C19 (e} [ o] 120.8(2)

Cs (o] Ci0 121.02) €16 Qi Co 120.3(3)

« Cs o 121.143) Ci4 cu Cl 121.2(2)

Cs o (o ] 120.6(2) Ci4 cu 7 120.4(3)

(o] Ci10 cn 121.6(2) C» cu (4] 118.4(2)

(og) Ci10 C1s 120.7(12) 2 [ovi ] CM 120.912)

Cit C10 Cis 1112.73) c Cu Qs 120.5(3)

C10 Ct1 c12 120.6(2) CM s C 119.5(3)

(o} C12 C13 121.4(3) C28 Q6 (4] 120.1(3)
2 Q7 C2 120.614)
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Crystal structures of poly-parsphenyiene oligomers: K. N. Baker et al.

rint 2

Table 8 s—nqdmmmmmmunmmwdbmwbml}oe centre

of symmetry ia the molecule such that the pheny] link is that boad which liss o the symmetry centre or the Searest pheny! link i the symmetry

centre exists &t & phenyl unit (sse general structure). Numbers in parenthesss are sstimated standard deviations in the least significant digit. P
|eans conformation

smssns planar conformation and N son-plasar
Compound same A BA) CWK) z(A) Conlormation
Bipbenyt® 1.495(5) - - - P
p-Terphenyl*® 1.505(5) - - - P
p-Quaterpheny'? 1.502(4) 1.486(5) - - P
p-Quinquephenyl'? 1.481(5) 1.482(5) - - P
p-Scziphenyi'? 1.506(6) 1.501(8) 1461(8) - P
124-Triphenyh-benaene 1.486(2) 1489(2) - 1.489(2) N
22 4%.Diphenyl-p-quinquephenyl 1.490(4) 1.4894) - 1483(4) N
22 8%-Diphenyl-p-septiphenyl 148114) 1486(4) 14857(5) 14933) N
axis. The short chain axis of TPB and lack of molecular
@.0351 symmetry appear to play an important role in this
alignment.
. The addition of the phenyl pendant groups disrupts
00157 the planarity of the polyphenyls observed in the room
2 temperature structures of biphenyl!?, para-terphenyl’*,
. para-quaterphenyl®®, para-quinquephenyl and para-sexi-
i .005 phenyi!3. as seen in Tables 9 and 10. This is most
z probably due to steric hindrance of the pendant groups
with the oligomer chain and crystal packing forces.
0,028 Hydrogen-to-hydrogen distances between phenyl rings
(H2-H9 in DPS, for example) are approximately equal
- to 2.5 A. Hydrogen atoms on the terminal phenyl ring
ans{ V" closest to the pendant group are approximately equi-
- - distant from one of the ortho hydrogen atoms on the
pendant group. In DPQ), for example, H11 and HiS5 on
the terminal pheny! ring are both approximately 3.6 A
mo 3 s M 12 15 19 from H17 on the pendant ring (see Figure 9). The

Figere 7 Deviation of the carbon atoms composing the oligomer axis
from least squares line

Figwe 8 View down oligomer axes of

corresponding values in DPS are 3.7 A. For the three
pendant-substituted oligomers, the pendant hydrogen
atom-to-terminal phenyl hydrogen atom contact increases
with oligomer length (from approximately 3.5 A in TPB
to 3.7A in DPS).

The average torsion angle within the oligomer chain

TPB. DPQ. and DPS showing tontuosity of

POLYMER, 1990, Vol 31, September 1829




Crystal structures of poly-parsphenylens oligomers: K. N. Baker st 3.

:’nih! ‘l’on'olmdwmm:ﬁmr-p%m:&mm;d&mkewmt%
symmetry centre on two units the torsion ; ings. ;
P4 Vait the Sorsi lﬂ#m proci-mraghon angie : 10 the two adjacent rings. If a centre of symmetry exists

Name Formula Temperature \K) ¥, deg) ¥, eg) ¥, (deg)
Siphenyl CuaHyo 28" 0 - -
«° 10 - -
p-Terphenyl Ciulye 2984 0 - -
110 16 - -
p-Quaterpbenyl CyuH,, " 0 -
110** 17.1 Q7 -
p-Quinquephenyl Chellyy ﬁ:" : ork i o =
) m progress
m,‘ C“Hz. 28 0 0
) 110 Work ia progress
p-Septiphenyl CuHso 28 Work in progress
110 Work in progress

Table 10 Tmmdmmw.mmmmuwdmwmmmdmmmmxif'-
Mmm@mmmmmﬁmmmmmnmumm:m.u-umdsymryaim
in a pheny! unit the torsion angie refers 10 the nearest chain link. Peadant refers 0 torsion angle betweea the pendant group and the phenyl

group to which it is attached (sec peneral structure)

Name Formuls Temperawure (K) ¥, (deg) ¥, (deg) ¥, (deg) r (deg)
124 Triphenyl-benzene CyHie 298 Qs 98 - a4
110 Work in progress
23 3%.Diphenyl-p-quaterphenyl CyHse 298 Work in progress
. 110 Work in progress
23 4*.Diphenyk-p-quinquepbenyl CuHso 28 ~280 512 - 5.7
110 Work in progress
2%.5%-Diphenyl-p-sexiphenyl CuHie 298 Work in progress
110 Work in progress
21 6% Diphenyl-p-septiphenyl CyuHsq 28 42 —456 'Y 610
110 Work in progress
]
0
TN
® e
S A
L
o
-
2
101
0

Figere 9 Hydrogen atom repuision distances between pendant and
oligomer axis for 23 4*-diphenyl-p-quinquepheny!

is 45°, which is approximately twice the value of 23’
predicted for PPP from structural data and further
supported by ab initio quality quantum mechanical
calculations®. The exception is DPQ which has torsion
angles of approximately —28° at the centre ring. but
angles of 51- for the terminal ring. The reason for this

9630 POLYMER, 1990, Vol 31, September

1 2 3 4 8 ] 4 s 9 10
Number of Pheny! Units in Otigomer Chain

Figere 10 Graph of pendant torsion angle vs. total aumber of phenyl
units in olipomer chain

large difference unique to this oligomer is not clear at
this time.

The torsion angle between the pendant group and the
oligomer chain is greater than 45°, increasing with chain
length. As the hydrogen atoms of the main chain
approach the hydrogen atoms of the pendant group.
the pendant torsion angle decreases. This trend is not
yet understood and more messurements on different
model systems are under consideration. Fully-optimized




AMPAC AM1 conformational calculations for the low
energy structure of ortho-phenyl-substituted biphenyl
reveal torsion angles of approximately 40° (ref. 17). A
line with a positive siope is obtained when the pendant
torsion angle is plotted against the number of phenyl
units in the oligomer chain (see Figure 10).

CONCLUSIONS

The non-planar structures of the phenyl-substituted
oligomers contrast with average planar structures ob-
served for the unsubstituted polyphenyls. The average
torsion angle along the oligomer chain is 45°. The
oligomer axis does not align with a crystallographic axis:
however, the pendant connect bond prefers to align
paraliel 1o one of the crystaliographic axes. The pendant
torsion angle increases with chain length. More research
is needed on oligomers with even numbers of phenyl units
along the main chain 10 compare and contrast with those
which have an odd number. Also the pendant groups of
the title compounds occupy positions closest to the
terminal phenyl unit. Similar measurements of com-
pounds where the pendant group is attached closest to
the central phenyl unit are needed to identify the major
reasons for variations in the torsion angles along the
oligomer axis.
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ABSTRACT

The crystal structure analysis and IR study of the molten salt precursor, 1-methyi-3-ethylimi-.
dazolium chlorids (MEIC]) has been undertaken as part of an investigation of the ion-ion inter-
actions in room temperature meits, where the mole fraction of AIC), is Jess than 0.5. Hygroscopic
crystals of MEIC] have been grown in acetonitrile and sealed under helium gas in a capillary tube.
The orthorhombic space group is P2,2,2,, with a=10.087(1), b=11.179(1), e=28.733(4) A,
V= 3240.0 A%, mol. wt. = 146.62 and D, = 1.204 g cm™? for Z= 16. The asymmetric unit contains
four MEI*---Cl1- ion pairs. The MEI* jons cluster in four distinct layers perpendicular to the ¢
axis. Similarly, the arrangement of C1~ ions is & layered ons. Each C]- interacts with three MEI*
jons and each MEI* is associated with three nearest C1~ jons. The distance of C1~ from a ring
carbon stom averages 3.55 A. C1- ions are situated in hydrogen-bonded positions rather than at
random, characteristic of 8 C-H+++C1~ hydrogen-bond interaction. Evidence for the presence of
hydrogen bonding of C1~ st the three ring C-H bonds in besic MEIC1/AICl, meits is presented.

INTRODUCTION

Mixtures of 1-methyl-3-ethylimidazolium chloride, MEICI, and AICl,, where
the mole fraction (N) of AICl, is between 0.33 and 0.67, are molten salts at

*Present address: European Office of Asrospace Research and Development, United States Air
Force. 223/231 Old Marylebone Rd., London, NW1 STH, Gt. Britain.
**Author to whom correspondence should be addressed. .

0022-2860/89/$03.50 © 1989 Elsevier Science Publishers B.V.




Fig. 1. Structure of one of the four MEI* jons in the asymmetric unit. Selected average bond
distances (A) and bond angles (*) are: N1-C2 1.27; C2-N3 1.30; N3-C4 1.39; C4-C5 1.38; C5-
N1 1.41; N1-C6 1.55; C6-C7 1.43; N3-C8 1.48; C2-N1-C5 109; N1-C2-N3 110; C2-N3-C4 111;
N3-C4-C5 104; C4-C5-N1 106; C2-N1-C6 130; C5-N1-C6 121; C2-N3-C8 126; C4-N3-C8 123;
and N1-C6-C7 104. MEI* (3) values for N1-C8 and C6-C7 are omitted from the sverage bond
bond angles are 0.05 A and 4°, respectively.

and well below room temperature {1,2). Pure MEIC! has a melting point of
87°C. These melts are of interest as electrolytes in high energy-density batter-
ies [3,4], as solvents for studying ionic complexes [5], and as catalytic solvents
for organic reactions [6]. The potential utility of these melts has prompted
studies into the nature of the ionic interactions in the melts.

IR spectroscopy [7] recently showed that the MEI* ion interacts with Cl1-
ions present in basic melts (N<0.5) at the C2, C4, and C5 positions shown in
Fig. 1. This result differs from the ion-pair model in which Cl- is hydrogen
bonded solely at the C2 position. An alternative model was suggested but not
satisfactorily demonstrated in which the MEI* ions are stacked parallel to
each other with Cl~ and AIC]{ anions positioned such that C1- can interact
with all three ring C-H bonds. Since the IR spectra of solid and liquid (80°C)
MEIC! were shown to be very similar, the structure analysis of MEIC] was
undertaken to determine the nature of MEI*---Cl~ interactions in molten

salts.

EXPERIMENTAL METHODS

Solid MEIC] was prepared by the reaction of 1-methylimidazole and ethyl
chloride in airless glassware as described previously [1]. The solvent of re-
crystallization was acetonitrile rather than ethyl acetate, a procedure which
enhanced crystal quality. Unfortunately, the crystals were observed to retain
a coating of mother liquor even after nine days under vacuum.

A small, irregularly-shaped crystal of MEIC] with dimensions 0.25 mm % 0.25
mm X 0.35 mm was mounted in a glass capillary under dry box conditions. Pre-
liminary examination and data collection were performed with Mo K« radia-
tion (1=0.71073 A) on an Enraf-Nonius CAD4 diffractometer equipped with
a graphite crystal incident beam monochromator.

Cell constants and an orientation matrix for data collection were obtained
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from least-squares refinement, using the setting angles of 25 reflections in the
range 5.0 <6 <16.3°. The orthorhombic cell parameters and calculated volume
are:a=10.087(1),ba=11.179(1),c=28.733(4) A, V= 3240.0 A2, For Z=16 and
MW =146.62, the calculated density is 1.20 g cm~3, which compares with the
measured density of 1.204 + 0.004 g cm ™2 obtained by flotation in a benzene/
carbon tetrachloride mixture. From the observed systematic absences and sub-
Tlgmn;;out mnﬁnement.tbemmmdeurmnedto be P2,2,2,
0.1

Thedltameowltroomtempmmmunngthe w/26 scan technique.
The scan rate was calcuhted from the results of a fast pre-scan, and varied
from 0.69 to 2.78° min~? (in omega). Datnwereeoﬂectadtoamaximumzaof
50.0° (h=0-12, k=0-13, Im0-34).

Three representative reflections were measured every 30 min as a check on
crystal and electronic stability. The intensities of these standards remained
constant within experimental error throughout data collection and no decay
correction was applied. The extremely hygroscopic crystal moved slowly inside
the capillary during data collection. This movement was carefully monitored
by periodically examining the orientation check reflections. Reorientation of
the crystal occurred on average every 125 reflections; 3284 unique reflections
were collected. Lorentz and polarization corrections were applied to the data.
The linear absorption coefficient was 3.9 cin~? for Mo Ko radiation and no
absorption correction was made.

The structure was solved by direct methods [9]. Hydrogen atoms were lo-
cated and added to the structure factor calculations but their positions were
not refined. The structure was refined by full matrix least-squares [10] where
the function minimized was Jw(|F,| — | F.|)? and the weight w is defined as
the reciprocal of the standard deviation of F,, squared. Atomic scattering fac-
tors were taken from Cromer and Waber [11] and the values for 4f’ and 4f'’
were those of Cromer [12].

865 Reflections having intensities greater than 3.0 times their standard de-
viation were used in the refinements. The final cycle of refinement included
159 variable parameters and converged (largest parameter shift was 0.07 times
its estimated standard deviation) with unweighted and weighted agreement
factors 0f 0.10 and 0.13, respectively. The standard deviation of an observation
of unit weight was 3.63. Because of unresolved problems associated with the
refinement of C26 and C27, their positions were held fixed during the final
cycle of refinement. The highest peak in the final difference Fourier map had
a height of 0.44 ¢ A~ with an estimated error based on 4F of 0.10, while the
largest negative peak had a height of 0.41 e A~3. The two largest positive den-
sity peaks were located in the vicinity of C26 and C27; others were randomly
Jocated throughout the unit cell.

Fractional coordinates and equivalent isotropic thermal parameters for the
36 nonhydrogen atoms are reported in Table 1. Observed and calculated struc-
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TABLE 1
deviation
Atom x y z B (A
MEI* (1) N1 0.834(3) 0.873(2) 0.5846(8) 6.3(7)
C2 0.758(3) - 0.742(3) 0.562(1) (1)
N3 0.680(2) 0.800(2) 0.5807(7) 4.8(6)
C4 0.701(3) 0.765(2) = 0.8355(8) 3.4(6)
Cs 0.804(3) 0.680(3) 0.6325(9) 5.6(8)
Ce 0.944(3) 0.599(3) . 0.568(1) - 8(1)
C? 0.913(4) 0.478(4) 0.568(1) 15(2)
Cs 0.581(3) 0.883(3) 0577(1) 6.3(9)
MEI*(2) N1 -0.065(2) 0.014(2) 0.4069(8) 5.5(7)
C12 -0.118(3) -0.054(3) 0.3799(9) 5.3(8)
N13 -0.072(2) ~0.050(2) 0.3393(7) 8.0(6)
Ci4 0.019(3) 0.047(3) 0.334(1) 6.4(9)
Cis 0.044(4) 0.078(3) 0.381(1) 9(1)
Ci6 =0.090(3) 0.052(3) 0.460(1) 6.8(9)
C17 0.008(4) =~0.032(3) 0.481(1) 11(1)
Cis ~0.129(3) -0.121(3) 0.2984(9) 6.1(9)
MEI*(3) N21 0.752(3) 0.289(3) 0.341(1) 9.4(9)
C22 0.813(3) 0.366(3) 0.3668(9) 6.0(9)
N23 0.783(2) 0.340(2) 0.4104(7) 4.1(6)
C24 0.685(3) 0.250(3) 0.4096(9) 4.8(8)
C25 0.671(4) 0217(3) 0.364(1) 9(1)
C26 0.807° 0.250° 0.285" 12(1)
C27 0.723° 0.279% 0.262° 16(2)
Ca8 0.822(3) 0.398(2) 0.4538(9) 5.0(8)
MEI" (4) N31 0.642(2) -~0.060(2) 0.1583(7) 4.0(5)
C32 0.565(2) -0.001(2) 0.1866(8) 3.0(6)
N33 0.482(2) 0.063(2) 0.1823(7) 3.7(5)
C34 0.495(3) 0.043(3) 0.1169(9) 4.4(7)
C35 0.589(3) -~0.039(3) 0.115(1) 5.0(8)
C36 0.764(3) -0.145(3) 0.167(1) 7(1)
C37 0.714(3) -0.232(3) 0.197(1) 8(1)
C38 0.390(3) 0.154(3) 0.184(1) 7(1)
ch 0.2339(9) 0.7793(8) 0.5556(3) 58(2)*
C12 0.476(1) 0.9408(8) 0.7042(3) 6.6(2)°
ci3 ~0.173(1) 0.8055(8) 1.0402(3) 6.6(2)*
Cu -0.4661(1) 0.9774(8) 1.3019(3) 6.4(2)

*An asterisk indicates that the atoms were refined anisotropically and are given in the form of the
isotropic equivalent thermal parameter defined as: (4/3) [6®B,, + By, + ¢*Byy + ab(cosy)Bys+
ac(cos 8)B,; + be(cosar)By].

SParameter was fixed during the fin: cycle of least-squares refinement.
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ture factor amplitudes and other details of the structure analysis are available

from B.L.L.D. as Supplementary Publication No. SUP 26375 (6 pages).
Infrared spectra were recorded on an IBM IR/32 FTIR spectrometer. The

liquid MEICI sample was a thin film between NaCl plates with no spacers.

DISCUSSION
MEI* cation

The asymmetric unit consists of four MEI* ---Cl~ ion pairs. Figure 1 shows
a view of one of the four substituted imidazolium ions. The endocyclic bond
distances and angles in the four MEI* ions vary markedly from ring to ring
(1.21-1.51 A and 101-114°). The exocyelic alky! groups are attached to the
ring with bond distances of 1.43-1.74 A. In MEI* (2) and MEI* (4) ions, the
B carbon of each ethy] substituent is above the mean plane of the five-mem-
bered ring, with torsion angles (C12-N11-C16-C17 and C32-N31-C36-C37)
of 96.3 and 55.7°, respectively, while in the MEI* (1), the beta carbon is below
the ring, with a torsion angle (C2-N1-C6-C7) of —107.3°. Atoms C26 and
C27 of the ethyl substituent in (MEI* (8)) are disordered. This observation
reflects one of the difficulties in the crystallographic examination of these mol-
ten salt precursors.

Unit cell

As shown in Fig. 2, the ion pairs pack into the unit cell in ways similar to
both planar molecules and simple inorganic salts. The MEI* ions cluster in
four distinct layers, perpendicular to the ¢ axis, with interlayer separations of
6.741-7.568 A as defined by the average distances between ring centroids.
Within a layer, each molecule is separated from its neighbor by 3.792-4.091 A
as measured along the diagonal, while the edge-to-edge separation is 7.381-
7.704 A. The middle layers differ in orientation in the same manner as the first
and fourth layers. ‘

As described for the MEI* ions, the arrangement of Cl1~ ions is a layered
one, comprising four different patterns of anions. The first two patterns at z=
~0.05 and 0.05 are related by space group symmetry, each consisting of a pair
of C1- ions situated approximately on ab cell diagonals. The third and fourth
patterns are found at 2=0.30 and 0.70, the former consisting of four ions lo-
cated approximately on the ac and bc faces of the unit cell, while the latter is
comprised of a plane of five ions, one close to each cell edge and the fifth ap-
proximately in the center of the cell. These four patterns occur cyclically along
the c-axis, the first occurrence of the first and second patterns being split by
the bottom ab face of the unit cell. The fourth pattern occurs after this, fol-




Fig. 2 Stareoview of the MEIC! unit cell. The ¢ axis is vertical and a is horigontal.

lowed by the third. In the center of the cell, the first and second patterns repeat,
after which the third and fourth patterns repeat, and so on.

Interiayer interactions

The relative orientations and connectivity of the MEI* and C1~ layers are
alternately depicted in Fig. 3. In this drawing, the cations are shown arranged
in rows (designated a-h) in which the MEI* rings share a common plane. The
rows in the plane of the drawing (a, ¢, e and g) represent a cross-section of the
layers formed by the staggered stacks of MEI* running parallel to the plane
of the drawing. The alternating rows running perpendicular to the plane of the
drawing (b, d, f and h) represent a similar cross-section. The heavy dashed
line (the c axis of the unit cell ) is at the intersection of these two cross-sections.
Note that the rows iabelled a and e are equivalent. The light dashed lines con-

nect C1~ and MEI* ions which are nearest neighbors. By examining the C1- .

ions on the intersection line, it can be seen that each C]1~ interacts with three
MEI" ions, two of which share a plane which is perpendicular to the plane of
the third. Also, each MEI* is associated with three nearest C1~ ions which are
in the same plane as the MEI* ring.

There are two rows of C1~ ions associated with each row of MEI* ions. One
has C1- ions interacting with just a single ring carbon atom (alternating be-
tween C2 and C§) of the MEI* ion in an associated row, while another (on the
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Fig. 3. MEICI structure showing relative orientation and connectivity of adjacent layers. Rows a
and e are squivalent. The heavy dashed line represents the direction of ¢ axis.

side of the MEI* row) has each Cl~ interacting with ring carbon atoms from
two adjacent MEI * ions in the row. In Fig. 3 these would be the top and bottom
Cl~ rows, respectively, interacting with row a of MEI* ions. These rows are
drawn with uniformly spaced C1~ ions; however, in the crystal the spacings are
alternately large and small. In the top row, the Cl~ ions interacting with C2
are directly above the MEI*, while those interacting with C5 are forced to shift
in the direction of the C5~H bond and as a consequence away from positions
directly above the MEI*. If the interaction of Cl~ with MEI* were non-spe-

cific, the C1~ ions would be expected to be uniformly spaced to achieve maxi- -

mum separation. This uneven spacing is seen as evidence for Cl1~ ions inter-
acting specifically with MEI* through hydrogen bonding.

Ion-ion interactions

Figure 3 shows that the stack model in which Cl~ ions are positioned be-
tween stacked MEI* ions is not supported by the crystal structure and that
the C2-H---Cl~ hydrogen-bonded ion-pair model is preferred. The triple in-
teractions of each ion in the structure are illustrated in Fig. 4. The distance of
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(o) (b)

Fig. 4. (a) Representative triple interaction of Cl1 with three nearest MEI* ions. (b) interaction
of MEI* (1) with three nearest C1- ions. Distances (A) shown are C+--Cl~ contacts.

a C1- from a ring carbon atom averages about 3.55 A, ranging from 3.34 to 3.80
A. This is in good agreement with the accepted criteria for C-H---Cl~ hydro-
gen bonding [8]. The fact that the Cl~ ions are situated in potential hydrogen-
bonded positions (C-H---Cl~ angle ranges from 132 to 167°) rather than at
random also strongly suggests this interaction to be hydrogen bonding. Further
evidence for a hydrogen-bonded interaction is provided by ring C-H stretching
bands which shift to lower frequencies (by about 100-150 cm~!) and become
broader and more intense as more Cl~ is present in basic MEIC1/AIC], melts
[7]). Thus, the C2-H---Cl~ hydrogen-bonded ion pair model should account
for a C-H---Cl~ type interaction at all three ring carbon atoms. Structural
evidence for the presence of discrete hydrogen-bond ion peirs (r{C2-
H:--1-}=2.93 A) in crystals of 1-methyl-3-ethylimidazolium iodide has re-
cently been reported [13].

Extension of model to liquid phase

The shift in frequency and broadening of the MEI* ring C-H stretching
band observed in basic MEIC1/AICI; melts [7] is certainly consistent with the
aforementioned hydrogen-bonding mode). An equally compelling observation
is the comparison of the IR spectra of solid and liquid MEICI shown in Fig. 5.
This previously presented [ 7] but unpublished result supports the conclusions
that the interactions with C1~ affecting the ring C-H stretches in MEI* are
virtually the same in the solid and liquid phases of MEICL. The presence of
AlCl; in basic melts may alter the MEI* - - -Cl~ interaction only slightly since
the peaks of the ring C-H stretching bands in liquid MEICI and basic MEICI/
AICl; melts are also virtually the same (the “Cl~ interaction band” is at 3049
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Fig. 5. FTIR spectra of solid and liquid MEIC! [7].

cm~! [7]). Thus the MEI*---Cl~ interactions in basic melts are character-
ized as hydrogen-bonding of C1-! at the tkree ring C~H bonds.

CONCLUSIONS

The structure of crystalline MEICI is characterized by layers containing
MEI" ions interspersed with layers of C1~ ions. The directions of the stacks
in adjacent layers are rotated 90°. Each MEI* jon appears to be hydrogen
bonded to three nearest Cl- ions. The results suggest that in basic MEIC]/
AlCl; molten salts, the C1~ ions also interact with MEI* by hydrogen bonding
at the three ring carbon atoms.
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ABSTRACT

The structures of poly(p-phenylenebenzobisthiazole) (PBZT)
and poly(p-phenylenebenzobisoxazole) (PBO) tfibers have been
investigated by fiber diffraction techniques. d-spacings were
obtained <from equatorial and meridional scans recorded on a
four-circle diffractometer. Intensity data were derived from
x-ray rotation patterns taken on Weissenberg and wvacuum
cylindrical cameras. Unit cells were found to be monoclinic and
non-primitive, each containing two chains per cell of dinenaions
a=11.79(2), b= 3,539(5), ¢ = 12,.514(9) s Y = 94,0(2)" for
PBZT; and g = 11.2001), b = 3,540(2), c©= 12.050(3) A,
Y = 101.3(1)° for PBO. The fiber axes correspond to c. The
conformational torsion angle between the bisthiazole and
phenylene units and the orientation of chains within the unit
cells were obtained from a 'linked-atom least-squares' (LALS)
refinement procedure. A packing model is proposed for each
polymer in which two independent molecular chains are displaced
longitudinally by discrete rather than random increments.
Primitive unit cells (2 = 1), besides requiring perfect axial
regist of molecular 'chains, suffer from the occurrence of
short intermolecular contacts and are rejected £rom further

consideration.

INTRODUCTION

The structures of poly(p-phenylene benzobisthiazole) (PB2T)
and poly(p-phenylene benzobisoxazole) (PB0) have been of
interest for the past decade. Numerous publications have
advanced the understanding of the fiber and film structures of
these rigid rod chains [1-3). Based on diffraction patterns
vhich show molecular <transform scattering on layer lines and
diffuse (biaxial) reflections along the equator, the as-spun
polymer iz viewed as a nematic solid with a high degree of
orientational order but with axial translational disorder. Heat
treatnent induces crystallization of the chains, as seen by
axial bright field lattice imaging (4,5). The crystallization
process is reported to be more extensive for PBO than for PB2T;
thus a considerable amount of axial disorder is expected in the
final firer structure of PBZT (6). The extent of ordering
still does not approach the 3D crystallinity of the chemically
similar, extended-chain poly-2,5-benzoxazole (ABPBO) and poly-
2,6-benzothiazole (ABPBT) molecules, as well as the stiff-chain
poly(p-phenylene terephthalamide) (PPTA) fibers ([6,7).

Our approach has been to apply the 1linked-atom least-
squares (LALS) method to PBZT and PBO fibers exhibiting the
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highest order observed to dste. The results, representing the
equilibrium crystal structure, serve as a vehicle by which one
c€an measure progress in resching & fully ordered structure by
processing improvements. The goal is to understand changes in
structure and morphology imparted by chemical or physical means
(in fiber processing, for example), and to relete these changes
to the properties observed for these rigid-rod materials.

EXPERIMENTAL DETAILS

Materials. PBIT samples were obtained from the E.I. DuPont and
Hoechst Celanese Companies (AFTECH I and II). PBO fibers were
spun by W.-F. Hwang (currently with the Dow Chemical Company)
while he was affiliated with the University of Dayton Ressarch
Institute ([6). Pribers were spun at elevated temperatures from
liquid crystalline solutions in methanesulfonic acid. Heat
treatment otemperatures ranged from 525 to 700°C for PBIT, and
600 to 710°C for PBO.

FPiber densities were measured by the flotation method in
mixed carbon tetrachloride-chloroform and chloroform-tetrachloro
ethylene solvents. Comparable densities were obtained in each
solvent systen.

Z=Ray__Fhotographv. PFiber bundles of sub-millimeter diameters
were prepared by winding single filaments around a cardboard
support. Specimens were mounted so that the fiber axis was
normal to the incident beam. X-ray diffraction patterns were
recorded on Weissenberg, Buerger precession and 57.3 mm radius
vacuum cylindrical cameras using Ni-filtered CuKa radiation.
The latter camera was employed to resolve, at least partially,
diffuse overlapping spots and to reduce the effects of air
scatter, whereas the primary function of the precession canera
was to survey fiber specimens and not to collect diffraction
intensities. The precessiop camera recorded a plane in
reciprocal space in which ¢ is vertical and parallel to the
fiber direction. The multiple-film method was used to collect
the entire range of intensities.

Diffractometer _Scans. MNickel-filtered CuXKa radiation was
produced by a Rigaku RU200 rotating anode generator with a 0.3

Reprint 4

X 3mm source size. torial and meridional scans vor;

recorded on & Picker four-circle diffractometer which ha
previously been modified for modulus studies {8). An advantage
of this technique is the ability to observe weak reflections at
high 2¢ by adjusting step scan intervals and counting times.
Overlapping reflections were resolved by using a curve fit
program which also corrected for background, Lp factors,
absorption, and air and Compton scattering. Areas under the
peak ofiles afforded estimates of the intensities of

equatorial reflections.

Microdensitometrv. Integrated intensities of equatorial and
off-axis reflections, corrected for background end Lp factors,
were obtained by scanning £fiber rotation photographs on &8
Joyce-Losbl microdensitometer. Details of the procedure have
been discussed elsevwhere (7). Reflections which could not be
resolved were treated as an overlapping group and assigned &
composite intensity value.




RESULTS

. The chemical structures of the molecules and atom label
designations are shown in Figure 1.

Figure 1. Chemical structures of PBZT and PBO showing atom
label designations.

The measured nono;ilnnent fiber donsiti033 of PBIT and PBO
are 1.57 +/- 0,01 g/cm™ and 1.50 +/~ 0.01 g/cm”, respectively.
No detectable differences were observed in the values for
as-spun and heat treated fibers.

PB2T and PBO samples yielded well-defined diffraction data.
Representative fiber rotation patterns are shown in Figure 2.
gtrong equatorial and multiple meridional reflections are
general features of the diffraction patterns of both polymers.
Heat treated fibers show a limited number of off-axis (hkl)
reflections, indicating the presence of 3D order. For example,
hk2 reflections as well as discrete hkS reflections are clearly
visible for each polymer (see Figure 2).

Figure 3 pregents equatorial scans which show reflections
beyond a 20 of 90°. Corresponding meridional scans, published
elsevhere in these Proceedings (8), revesled up to twelve orders
of diffracted intensity. The curve fit program used the least-
squares method to match a combination of Gaussian and Lorentzian
peak profiles to the corrected intensities. Figures 4 and S5
show representative curve fits for several regions of

overlapping intensity along the equator.
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Piber rotation patterns (fiber axis vertical) of PBIT

Pigure 2.
(top) and PBO (bottom): CuKa radiation, NRi filter, camera

radius 28.6 mm.
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d-spacings, obtained by least-squares, were gctistuetorily
indexed using both primitive and non-primitive® cells. Cell
constants were cobtained by minimizing the sum of the squares of
the differences between observed and calculated d-spacings. A
weighting scheme based on the intensities and widths of fitted
peak ofiles was applied in which completely resolved
reflections were assigned larger weights than partially resolved
or unresolved reflections. Best-fit lattice parameters ¢for
non-primitive unit cells are listed in Table I. The measured
equatorial d-spacings used to compute them are tabulated in
Tables Il and IIl, along with calculated values using alternats
indexing schemes. Spacings along ¢ were obtained independently
from e lesst-squares fit of wmeridional reflections. Odell's
assignment of indexes for PBZT, shown in Table II, was judged to
give a less satisfactory match between observed and calculated
values. The same conclusion was reached for PBO, Cell B,

presented in Table III.

Table I. Non-primitive Unit Cells for PBZT and PBO

RRZT 2RO
a (&) 11.79(2) 11.20(1)
b (A) 3.539(5) 3.540(2)
c (A) 12.514(9) 12.050(3)
T (deg) 94.0(2) 101.3(1)
Crystal system monoclinic monoclinic
Molecules per gell (2) 2 2
Cell volume (A”) -3 536.4 468.4
Calculated density (g g ) ' 1.711 1.66
Observed density (g cm °) 1.57 1.50
Pormula Repeat [C14BgNoSa)y [ HeN0,1p

The indexes corresponding to the best-fit primitive cells
are given in Table IV, which for PBZT is similar to Unit Cell 1
previougly reported by Rochg,(a = 5.83, b= 3.54, cC = 12.354,
Y = 96°, Dcalc = 1.74 g cm °)[2). The best-fit primitive cell
for PBO is essentially that reported by Krayse et.al. (a = 5.65,
b = 3.5, c = 11,74A, and ¥ = 102.5° (6]). For reasons
discussed later, primitive cells were deamed unacceptable and
eliminated from further consideration.

The LALS technique has been employsd in the analysis of the
structure of ordered polymers [9). Its application to PBIT and
PBO involved reducing the number of variables by constraining
bond lengths and bond angles to the values shown in Table V,
which are obtained from model compound studies [10,11). The

* The terms ‘primitive, non-primitive and monoclinic' are not
used in the strict tallographic sense since the asymmetric
unit lacks the requisite point symmetry. In space group P2, for
example, a polymer chain located at 0,0,z is required to have 8
tvo-fold rotation axis coincident with the unique axis. Neither
PBIT nor PBO possesses the required symmetry. In this paper, &8
well as in those of earlier researchers, the terms primitive &
non-primitive imply a cell contai one and two chains per
cell, respegtively. The term monoclinic simply denotes a cell
wvith two 90~ angles for which a satisfactory fit exists between
observed and calculated d-spacings.
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Table II1. Comparison betwesn Observed and Calculated
Bquatorial Spacings (A) for Two PBIT Non-primitive Unit Cells

Observed Index and Calculated d-spacing Observed
= this work (a) Qdell (b) Jotepsity (e)
5.828 200 5.882 200 5.87 15.1
3.509 010 3.531 =110 3.534 100.0
2.932 400,210 2.939 400 3.935 11.2
1.964 600 1.961 - - 2.3
1,823 - 1.825 =220 1.767 14.9
1.768 020,-610 1,766 020 1.745 27.9
1.666 220,610 1.662 120 1.643 13.0
1.455 420 1.469 - - 0.93
1.187 030 1.177 - - 16.0
1.121 -430 1.120 - - 0.94

(a) Calculated using cell in Table 1I.
{(b) Odell's cell, hkl's and observed spacings taken from [3].
{(c) Derived from peak areas from diffractometer scans and scaled

to a maximum of 100.

Table I1I. Comparison between Observed and Calculated
Equatorial Spacings (A) for Two Best-Fit PBO Non-primitive Cells

Observed Index and Calculated d-spacing Observed
d=spac this work (a) Lell B (b) Intensity (c)
5.501 200 5.491 200 $.508 26.2
3.481 010 3.472 010 3.481 71.7
3.256 -210 3.233 110 3.259 100.0
2.756 400 2.746 400,210 2.752 11.3
2.360 -410 2.392 - - 0.74
1.996 410 1.97% - - 5.8
1.835 600 1.830 600 1.835 5.4
1.768 -120 1.769 - - 30.6
1.702 -320 1.702 120 1.702 7.7
1.615 -420 1.617 =320 1.611 22.3
1.3 800 1.373 800 1.376 0.56
1.198 810 1.199 - - 5.1
1.157 030 1.157 " 030,-130 1.160 11.7
1.091 230 1.091 =430 1.093 4.7

}n) see Table I. .
(b) Cell B: a = 11.032(8), b= 3.485(3), ¢ = 12.030(2) A,

Ts ’3.‘(1) P Vs 462.4 A ’ DCQIC - 1.68 q cm .
(c) Derived from peak areas from diffractometer scans and scaled

to a maximum of 100.
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Table 1V, ison between Observed and Calculated
spacings (A) for the Best-Fit Primitive Cells
RR2T 2B0 ;
Observed Calculated Observed Calculated
Index (a) d- i = Index (b) d- - i
100 5.828 5.882 100 5.501 5.491
010 3.509 3.531 010 3.481 3.473
=110 3.129 3.125 -110 3.256 3.234
200 2.932 2.941 200 2,756 2.746
300 1.964 1.961 -210 2.360 2.393
- 1.823 - - 1,996 -
020 1.768 1.765 300 1.835 1.830
310,120 1.666 1.662 -310,-120 1.768 1.768
-220 1.579 1.563 - 1.702 -
- 1.455 - -220 1.615 1.617
030 1.187 1.177 400,-410 1.371 1.372
=230 1.121 1.120 410 1.198 1.199
030,320 1.157 1.15%
130 1.09 1.081

(a) a = 5.896(13), b = 3.539(5), c =,12.514(9) &, 7 = 94.0(2)°,
V = 260.5 A”, Dcalc = 1.70 g cm ~. Based on 9 degrees of
freedom. °

(b) a = 5.598(6}, b = 3.540(3), € = 13.050(4) A, *=101.201)",
V= 234.2 A", Dcalc = 1.66 g cm . Based on 14 degress of

fresdom.

Table V. Fixed Bond Distances (A) and Bond Angles (°) in
Polymer Repeat Units (a)

Bond PBZI ERO Angle ERZT
C2-5(0) 1.736 1.383 C2-8(0)~-C4 88.9 104.1
C4-5(0) 1.758 1.370 C3-N-C4 110.8 104.4
C3-N 1.385% 1.399 c2-C1-C3°* 117.3 112.5
C4~-N 1.292 1.300 C1-C2-58(0) 128.6 127.0
c1-C2 1.378 1.385 C3-C2-8(0) 109.0 107.1
Ci1-C3' 1.389% 1.385 Ci-C2-C3 122.4 125.8
c2-C3 1.422 1.405 C1'-C3-N 124.6 129.7
C4-C5 1.469 1.464 C2-C3-N 115.1 108.6
C5-Cs¢ 1.383 1.387 c1'-C3-C2 120.4 121.7
cs5-C10 1.392 1.387 N-Ce¢-S(0) 116.3 115.6
C6-C? 1.385 1.387 C5-C4-8(0) 119.9 122.2
c7-Cs 1.371 1.387 C5-C4-N 123.8 122.2
ce-C9 1.378 1.387 C4-C5-Cé 121.6 120.0
C9-Cl0 1.377 1.387 C4-C5-Cl0 119.3 120.0
C6-C5-C10 119.1 120.0
cs5-C6-C9 120.0 120.0
CG'C?'CC 120.0 120.0
c7-C8-C9 120.0 120.0
C8-C9-C10 120.0 3120.0
C9-C10-C5 120.0 120.0
(a) C-M distances are fixed at 0.94 A; C-C-E angles at 120°. .

Atoms in parentheses correspond to PBO.
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overall isotropic temperature factor B was fixed at 6.0A%. A
scale factor, one torsion angle per polymer repeat (r), and
three angles which define the orientation of chains in the unit
cell were refined. Final fractional atomic coordinates of the
repeat units are presented in Table VI.

DISCUSSION

Based on the observed fiber period and model compound
data, the chain direction in both polymers is pasrallel to the
fiber axis (c-axis). The length of the c-axis corresponds to
the repeat distance of a single mer unit, which is comprised of
a bisbenzazole end attached p-phenylene segment.

The b-axis is roughly the perpendicular distance between
the faces of two overlapping heterocyclic rings, while the
a-axis is the approximate distance between equivalent edges of
side-by-side heterocyclic rings. The structure and cell
parameters of PBO are similar to those of PBIT, except that the
a and c-axes in PBIT are slightly larger, probably due to
conformational differences between chains and the larger size of

the sulfur atom.

Refinement of Primitive (Cells. Analysis of the packing of
molecules in primitive cells revealed some serious shortcomings.
First, inclusion of 1longitudinal and lateral disorder to any
significant degree in the final structure is precluded since
primitive cells resquire perfect registry of adjacent chains. 1In
. addition, close intermolecular contacts, which could not be
eliminated by refinement of the variable parameters, were
observed. The closest contacts (El...Rl1', 1.73A; H7...H9, 1.96A;
and H6...H10, 1.99A for PBZT, and Hl...H1’', 1.76A; K6...H10,
1.90A; and H7...H9, 1.90A for PBO) occurred between neighboring
molecules positioned along a. Thirdly, & close examination of
the x-~ray photographs (see Figure 2) showed an inner row of
diffraction na:g:a which could not be indexed in & primitive
cell. This latter observation is consistent with the appearance
of a weak innermost equatorial peak (d = 11.5A) for PBZT film,
which was indexed 100 in a non-primitive cell [3]). For these
reasons, further refinement of primitive cells was discontinued.

It should also be noted that refinement of primitive cells
for each polymer producad non-planar sttucsuxos with reasonable
torsion angles (r = 18.9 for PBIT and 12.0- for PBO).

i - i . The problems just described
for primitive cells are virtually eliminated with non-primitive
unit cells (Z=2), The close H...H intermolecular contacts are
relieved, increasing to over 2.0A for the closest H...H contact.
Contacts larger than 2.1A are considered to be acceptable.
The non-primitive cells are constructed by doubling the length
of the a-axis of the primitive cells. This permits s second
chain to be added at 0.5,0,w (relative to the first at 0,0,0),
thereby allowing axial shifts between well-aligned chains. w
can range oOver one translational interval along c. If w is
zero, the non-primitive cell reduces to a primitive one, and it
w is 0.5, the cell becomes centered and hkl reflections are
absent if h+l is odd. .

Additional lateral disorder can also be incorporated into
the overall structure by allowing the second chain to have a
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Table VI.

€10

H10

Cs'

C10
’10

Fractional Atomic Coordinates of Repeat Units

p S
0.0000
~-0.0877
-0.0562
0.0622
0.1320
-0.1312
-0.085%
0.0325
0.1076
-0.1558
-0.0240
0.063%
-0.0185
~-0.0925
~-0.0856
-0.0050
0.0692
0.0631
~0.2097
0.1861
-0.1463
~0.1374
0.1277
0.1170

0.0000
-0.1002
~0.0643

0.0619

0.1026
-0,133¢4
~0.2224
~0.0642

0.0620

0.1311

0.2201
-0,.1000

0.0003

0.1030

0.0032

0.1060

0.1780

0.1087

0.1828

0.0088
-0.0940
-0.1661
-0.0870

-0,1709

PBIT

PBO

p 4
0.0000
0.0140
0.0080

-0.0115
-0,0221
0.0197
0.0116
-0.0080
-0.0197
0.0222
0.0001
-0.0139
-0.0017
-0.2341
-0.2305
0.0047
0.2375
0.2363
0.0327
-0.0327
-0.3910
~0.3930
0.4082
0.4056

0.0000
-0.1142
-0.0755

0.0671

0.1149
~0.1553
-0.2558
-0.0787

0.0641

0.1438

0.2444
~0.1210
-0.0086

0.1085
-0.0074

0.1835

0.3203

0.1847

0.3223
-0.0050
-0.1959
-0.3326
~0.1971
-0.3347

z
0.0000
0.0613
0.1679
0.1866
0.0646
0.2533
0.3545
0.3732
0.2879
0.4765
0.5410
0.4798
0.6583
0.7189
0.8294
0.8795
0.8199
0.7100
0.2424
0.2990
0.6846
0.8691
0.8555
0.6654

0.0000
0.0555
0.1668
0.1710
0.0626
0.2623
0.2622
0.3579
0.3538
0.2582
0.2583
0.4692
0.5247
0.4620
0.6461
0.7017
0.6588
0.8168
0.8568
0.8763
0.8207
0.8637
0.7057
0.6656
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different azimuthal orientation relative to the <£irst chain.
The refinement of this angle was not undertaken due to the
small number ©of observed reflections, especially off-axis
reflections. 1In thoocno of PBO, an azimuthal rotation of the
second chain by 180" could occur in & more or less random
fashion. Such would not be the case for PBIT since the
bisthiazole Bnit is centrosymmetric and a £1ip of the second
‘eimm by 180" can be seen to be eguivalent to a translation
ong c. :

PRZT. Figure 6 shows a c-axis view of the packing. As expected
from the crystal structures of model compounds, PBIT adopts a
non-planar conformation in the non-primitive 311 given in Table
I. 8hifts of we 4/-0.3 (approximatsly +/-4A) :!ntho second
chain produce optimum intermolecular contacts ( H...H
contacts are 2.4A). The mean torsion angle (r) is 46°. Shifts
of w= 4+/-0,5 (+/-6A) are also possible, but produce a slightly
higher R index.

Recent semi-empirical calculations on an isolated PBZT unit
support a non-planar _conformation for the polymer by predicting
a torsion angle of 29~ for the minimum energy conformation (12].
Molecular mechanics calculations reach a similar conclusion, the
torsion angle being 20 . Semi-empirical ocalculations also
reveal a small barrier 80.11 kcal/mole) at 0~, and a larger one
(0.74 Kkcal/mole at 90 [{12]. The small barrier is consistent
with the proposal that the conformation may be subject to
packing considerations in the polymer and processing conditions.

Figqure 6. c-axis view of the molecular packing of PBIT (t
and PBO (bottom). The a-axis is horizonul?. o (top)
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ERO. PBO molecules alsc adopt & slightly non-planar
conformation in & cell shown in Table I. The mean torsion angle
(r) 4is 13". This contrasts with the planar conformation
observed in the crystal structures of model compounds [11).
8" ifts of w = +/-0.10 (+/-1.2A) and +/-0.5 (+/~6A) yield the
optimum intermolecular contacts. S8hifts of w = +/-0.3 (+/~3,.6A)
are also possible but only at the expense of a higher R index.
Figure 6 also presents a view of the molecular packing.

The £final orientation angles, R Jindex (calculated on the
basis of observed reflections only and equal to ( ¥ |AF|/Z|Fo|)
and observed and calculated structure factor amplitudes are
given in Table VII.

For molecules stacked directly sbove one another, the
theoretical prediction of the minimum energy arrangement is that
chaing are out of register by 1.5 A for PBZT and as much as 3.0A
for PBO [13). D. Martin is currently using electron diffraction
data to investigate guantitatively the type of disorder {[14].

Table VII. Observed and Calculated Structure Factor
Amplitudes for PBZT and PBO

PBZT PBO
bkl ) -] Fc (a) bkl EQ Ec (b)
2 0 O 87 92 2 0 0 86 86
0o 1 0 139 144 0 1 0 104 108
-2 1 0 26 66 -2 1 0 132 136
v2 1 01 (2 1 04
14 0 0f 48 51 14 0 0 38 40
6 0 0 12 2 6 0 0 24 20
‘-6 1 01 -2 2 0)
10 2 01 59 53 -1 20
' 6 1 01 o 2 of e 56
t2 2 ol 36 22 -4 2 01
2 0 2 5 2 -2 2 00 4 @&
0 1 2 19 9
31 3 28 19
(4 06 4«1
{2 1 41 18 7
-1 1 8|
1101 si a2t 26

(a) ¥c values are based on shifts of w = +0.30 for the second

chain. The placement of the first chain in the unit cell is:

accomplished by placing the root atom (C4' in each case) at
the origin with the bond to its precursor (C8') pointing
along the positive x-axis and its precursor (C7' for PBZT and
C9' for PBO) in turn lying in the (x,-y) half-plang.
Orientation angles X, Y and £ ere +-40.8, -92.7 and 9.3,
respectively. They refer to the angle about a, b and c,
respectively, ©required to bring the chain into its correct
orientation. Positive rotation is counterclockwise when
viewed from sitive intinity. Chain continuity is main-
tained via coincidence constraints imposed on pairs of atoms
related by translational symmetry along c. The R index is

12.0% based on @ Bragg maxima.
(b) w = 0.10 for tao second chain. X,Y and Z angles are 50,3,
~91.3 and 158.1°, respectively. R is 11.4% based on 11

reflections.
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ABSTRACT

The room temperature crystal structures and the temperature related structural transitions f p-
quinquepheayl (PQP), C3oH22; p-sexiphenyl (PSexiP) C3Hog; p-septiphenyl (PSeptiP) C4oH 30,
have been investigated as part of a research effort toward rigid rod polymers which are of great
interest for acrospace and electro-optical applications. The molecules are planar at room temperature,
observe the herringbone type of crystal packing and have a setting angle 6 of 56°, which is similar to
that reported for the polymer poly(paraphenylene) (PPP). In contrast to PPP, the oligomers align in
the unit cell parallel to the (010) face and intexsect the (100) face at an angle w. At room temperature
the cell dimension a increases by 4.1A for each additional benzene ring added to the oligomer, while
b and ¢ remain more or less constant. At low temperature the unit cell parameters b and ¢ are
approximately doubled and a remains the same as in the room temperature cell. Unit cell changes are
similar to that observed in previous measurements on the shorter polyphenyls. A time- dependent
structural transition, in contrast to the lower oligomers, was observed for PQP, PSexiP, and PSeptiP
at 110 K; however, efforts to determine the exact transition temperature were unsuccessful and a
low temperature structure could not be refined. High temperature measurements indicate the
oligomers to be thermotropic liquid crystals and the crystal ~ smectic transition temperatures were
obtained for PQP, PSP, PSeptiP, and p-octiphenyl (POP) CqsH34.

A




INTRODUCTION

Poly (paraphenylene) (PPP) has been reviewed quite extensively.l-3 It can be
synthesized by many routes illustrated in Figure 1 with the two most common being the
Kovacic method4 and the Yamamoto methodS. PPP is an insoluble and infusible dark
brown material commonly called "brick dust”. Its lower oligomers shown in Table I and
derivatives with phenyl pendant groups® exhibit measurable melting points and limited
solubilities, but is difficult to process. Yet PPP has been applied to many structural uses
ranging from solid state lubricants’-10 to fibers!! and ribbons!2. Tensile bars have been
fabricated out of PPP powder by powder-forming techniques!3 and hydrostatic pressingl4
which exhibit tensile strengths up to 35 MPa (5000 psi). Recent calculations!3 indicate that
if PPP could be obtained in high molecular weight and fabricated into fibers, it would
possess excellent compressive strength, surpassing other rigid-rod polymers such as poly
(paraphenylenebenzobisoxazole) (PBO) and poly (paraphenylenebenzobisthiazole) (PBT),
but have a limited tensile modulus. Objects made from PPP powder exhibit ablation-
compaction properties which allow fabricated parts to undergo controlled uniform
shrinkage from up to 80% of the original.16

In general, the mechanical properties of fabricated PPP fall in between those of
polyimide and graphite.14 PPP has excellent heat and solvent stability in addition to the
good macroscopic structural properties mentioned above. However the polymer has even
more interesting microscopic molecular properties. PPP becomes highly conducting n- or
p- type materials when it complexes with either electron donors (Na*, K*, or Li*) or
acceptors (AsFs, SbFs, BFs™, or PF¢ ), respectively.17 The highest conductivity occurs
with AsFs increasing the conductivity of the virgin polymer from approximately 10-12
ohm-! m-1to greater than 104 ohm-! m-! for the doped polymer - an increase of 16 orders
of magnitude! Different model structures have been proposed for the two types of
conducting materials. An intercalation model (see Figure 2) has been suggested by
Pradere, et al.18 based upon the diffraction pattern of heavily doped PPP with AsFs.
Fibers of PPP increased in diameter by approximately 50% upon AsFs doping suggesting
diffusion of dopant molecules inside the fiber.

Figure 3 shows the other model proposed by Baughman, et al.1? in which the K"
ions aggregate in columns between two parallel polymer chains. In this model the K* ions
do not stack over the center of the phenyl rings but over the midpoint of the HC-CH bonds
parallel to the molecular axis. This model lends credibility to the belief that PPP conduction
is strongly influenced by the ability of the molecule to form the quinoid resonance
structure23,24 gince the quinoid resonance structure would have greater electron density
over the HC-CH bonds paraliel to the molecular axis in contrast to the benzoid structure
where "doughnuts” of electron density exist above and below the ring planes.
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TABLE1
PPP Oligomer Melting Points and Solubility
Melting Point, °C Solubility,

700 440 in Toluene®
2102 8.5 in Toluene®
3202 0.22 in Toluene?
kAL ' <0.1 in Toluene?
388b good in 1,2,4-Trichlorobenzeneb
388¢ unavailablec
475 <0.01 in Toluene?
437b poor in 1,2,4-Trichlorobenzeneb
429¢ unavailable¢
5452 insoluble?
468b very limited in 1,2,4-TCBY
491b very limited in 1,2,4-TCBb

H H

8
infusibled : insolubled
H H
™

8 Kem, W., Ebersbach, H. W,, and Ziegler, 1. Makromol. Chem. 1959, 31, 154.
b Unroe, M. R. and Reinhardt, B. A. Synthesis 1987, 11, 981.

¢ Kambe, H., Mita, R., and Yokota, R. Thermal Anal. 1971, 3, 387.

4 Kovacic, P. and Kyriakis, A. J. Amer. Chem. Soc. 1963, 88, 454.
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Figure 2. Intercalation mode) of arsenic pentafluoride doped PPP

showing d-values obtained from diffraction pattern. Figure
is adapted from reference 18.

alcakc) = 6.04A

2 x d{obs) = 15.6A

Figure 3. Stacking model of potassium doped PPP showing d-values.
Figure is adapted from reference 19.
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The electronic properties of PPP also suggest that it has good nonlinear optical (NLO)
propertics. Recent calculaiions?2-23 on the electronic band structures of p-quaterphenyl, p-
quaterpyrrole, and p-quaterthiophene indicate that the undoped oligomer is more polarizable
than its heteroatom counterparts. Moreover, when doped with sodium atoms the
polarizabilities of these oligomers increase. The largest increase is with p-quaterphenyl
which doubles its mean polarizability to 159.34 ev and almost triples its linear polarizability
along the molecular axis to 790.00 ev. This significant increase in linear polarizability (o)
is expected to lead to an even larger increase in the third order polarizability (y), due to the
scaling relationship between & and Y23 PPP has a band-gap of 3.2 ev2#4 which decreases
when the oligomer length?S and the quinoid character of the oligomer backbone26
increases. Calculations27:28, optical measurements?9, and EPR studies30 demonstrate that
upon heavy doping with alkali metals or AsFs spinless bipolarons are formed in
coexistence with polarons. Optical measurements26 suggest a polaron-exciton defect to
occur over about five phenyl rings.

Since PPP is the simplest type of rigid-rod polymer it represents the least complicated
case of shape anisotropy. Paul Flory writes:

"These homologues (of PPP) offer unique examples that (i)

are rigid with respect to the rectilinear axis, (ii) are

effectively cylindrically symmetric about this axis, and (iii)

are devoid of possible vitiating effects of polar groups.”3!
PPP oligomers are thermotropic liquid crystals to which theoretical calculations involving
the relationship of shape anisotropy to intermolecular forces32 and experimentation33 are
devoted to better understand and someday exploit liquid crystal transitions.

The foundation of this work lies in the Air Force Ordered Polymer program which
has as one of its objectives the research and development of new materials for acrospace
applications. PPP has been around a long time but due to its intractability has not been
exploited as well as other materials. Also the existing synthesis methods produce ortho and
meta substituted products in addition to the desired para substituted isomer. For this reason
a new synthesis procedure was developed to produce pure para substituted product. This
procedure proved very successful not only in preparing pure para oligomers of PPP up to
nine benzene rings long in high yield, but also in the selective substitution of pendant
phenyl rings on the oligomer chain in an effort to increase the solubility of PPP allowing
for routine processing of the polymer by conventional means. The latter goal (to increase
PPP’s solubility) has not been significantly realized to-date, but it has given us an excellent
opporturity to study the structure of extended oligomer chains of PPP.

Why would one perform a crystal structure when structural information can be
obuained through IR or NMR spectrometry? With a good crystal structure one can obtain
accurate unit cell parameters, atomic coordinates, and bond distances and angles. In a
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concise description of the technique, X-rays record areas of high electron deasity from
which atoms can be Jocated. So the basic information obtained from such a study is atomic b
coordinates from which we obtain bond distances, bond angles, dihedral angles, ring

planarity, and atomic thermal factors which describe the dynamics the atoms are

- experiencing. If unit cell information is included, close packing diagrams and interatomic

: distances and angles are obtained. This information is important to both synthetic and
theoretical chemists whom are designing other systems. For example, the polymers
poly(paraphenylene sulfide) PPS, poly(paraphenylene vinylene) PPV, and
poly(paraphenylene bisthiophene) PPBT are being considered for their NLO and
conduction properties. Structural information about para substituted phenyl units is
important to optimize the molecular geometry in order to achieve the desired Hect, whether
it be x electron conjugation or structural strength. Our work on the pendant PPP oligomers
has been published elsewhere and in this report is recent findings on the crystal structures
and phase transitions of the non-substituted PPP oligomers p-quinquephenyl (PQP), p-
sexiphenyl (PSP), and p-septiphenyl (PSeptiP).
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EXPERIMENTAL METHODS

Samples of PQP, PSP, and PSeptiP were obtained from Bruce Reinhardt of the
Polymer Branch in polycrystalline form. The samples were further purified by sublimation
in order to obtain single crystals suitable for structure determination. Density
measurements were made by flotation in solvent mixtures containing dichloromethane (p =
1.316 g/cm3) and methanol (p = 1.0 giem3).

~ Crystals were selected from representative samples, discriminating on the basis of
size and well defined crystal faces. They were observed under crossed polarized filters to
determine extinction boundaries. Single crystals when viewed under crossed polarized
filters are birefringent and when rotated on the microscope stage will go completely dark at
some angle of rotation. Crystals not meeting this criteria were rejected as being twinned or
polycrystalline aggregates. Good crystals were mounted on glass fibers using
cyanoacrylate adhesive, the fibers were inserted into standard brass or stainless steel pins
and the pins mounted into goniometers for X-ray analysis.

Upon mounting the goniometer on the Enraf-Nonius CAD4 diffractometer and
centering the crystal in the X-ray beam, a rotation photograph was taken using two
complete rotations of the crystal. Observation of this photograph usually revealed:

a) if the crystal diffracted well enough and far enough out in the 20 range to collect a

suitable data set for structure determination and

b) if the beam collimator needed to be changed so that the cross-section of the X-ray

beam matched the crystal size.

Automatic search routines for strong diffraction peaks were initiated on crystals
which showed promise. Once a suitable unit cell was found, reflection data sets were
collected on the CAD4 interfaced to a DEC Micro PDP-11 computer. Data sets collected at
room temperature (approximately 22°C) were followed by low temperature data sets (110 K
or -163°C). The crystal was cooled to low temperature using the Enraf-Nonius FR558
Liquid Nitrogen Cryostat.

Raw reflection data were copied onto a VAX 11/730 computer and processed using
software in the Structure Determination Package (SDP)34, Structure solutions were found
by the software MULTAN 11/8235 and/or SHELXS-8636 and were subsquently refined by
full matrix least-squares treatment of all non-hydrugen atoms. Hydrogen atoms were
placed in idealized positions since subsequent isotropic refinement of hydrogen atoms did
not yield appreciably better results due to the reduced data-to-parameter ratio.

The temperature programmable Enraf-Nonius FRS53 Guinier-Simon camera
equipped with another Enraf-Nonius FR558 Liquid Nitrogen Cryostat was used to obtain
variable Jow temperature structural data on PQP, PSP, and PSeptiP. The moving
film/ramping temperature option on the camera’s controller facilitates the determination of
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structural transitions. Differential scanning calorimetry (DSC) measurements were

performed on a Dupont 910 apparatus interfaced with an Omnitherm 35053 three module
controller.
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RESULTS

‘ Table II summarizes the crystallographic and data collection parameters, and final
refinement results for the structures determined at room temperature. Complete data sets
could not be collected at low temperature due to problems with the crystals. Space group
and unit cell information for the room and low temperature polyphenyls are summarized in
Table ITI. Experiments are in progress to obtain better structural data for the low
temperature structures of PQP, PSP, and PSeptiP.

Figure 4 shows the PQP molecule with the carbon atoms of the asymmetric unit

*  labelled. Tables IV and V contain the atomic positions, bond distances and bond angles
respectively. Figure 5 shows a stereoview of the crystal packing in the unit cell. PSP is
shown in Figure 6 with the carbon atoms of the asymmetric unit labelled. Atomic positions
are in Table VI and bond distances and angles are contained in Table VII. The
stereodrawing of the crystal packing within the unit cell is shown in Figure 7.

The PSeptiP molecule with the carbon atoms of the asymmetric unit labelled is shown
in Figure 8. Atomic positions, bond distances and bond angles are presented in Tables
VIII and IX, respectively. Reflection data for PSeptiP were not of sufficient quality to
refine all of the carbon atoms anisotropically. Figure 9 depicts a stereoview of the crystal
packing in the unit cell.

Literature reports PPP to be infusible4, but for comparison purposes its theoretical
melting point has been determined to be 1020 K by the extrapolation of experimental
melting points of PPP oligomers (see Figure 10). Using similar methods, extrapolated
melting points of 620 K and 1260 K have been reported for poly (tetrafluoroethylene)37
and Kevlar38, respectively. It should be noted that these polymers mentioned above are
expected to degrade before reaching these theoretical melting points. Extrapolations of this
kind are based on melting point depression association with end group concentration in
polymers.39 An extrapolated crystal density of 1.36 g/cm3 has been calculated (see Figure
11) using experimental densities from crystalline oligomer model compounds. This
theoretical density is smaller than that measured for PBO and PBT (1.65 and 1.69 g/cm3,
respectively) which is consistent with calculations!S that PPP fibers would have a lower
modulus since modulus is directly proportional to density. However the force constant, K,

- which is derived from the energy/strain curve fit, is larger for PPP than for PBO or PBT
making PPP more resistant 1o strain. Indeed, calculations!S on PPP indicate that it will not
fail with up to 15% tensile strain and 3% compressive strain.




Preprint 1

TABLEQI
Crystallographic Data

NAME p-Quinquephenyl p-Sexiphenyl p-Septiphenyl
Formula C3oH22 CadHae Ca2H3o
FW 382.51 458.61 534.70
Melting Point, °C 388 437 468
Crystal System Monoclinic Monoclinic Monoclinic
Space Group P2y/c P2y/c P2j/c
z 2 2 2
aA 22.056(4) 26.241(5) 30.65(2)
bA 5.581(1) 5.568(1) 5.564(3)
cA 8.070(1) 8.091(3) 8.056(5)
@ 90.0 90.0 90.0
Be 97.91(1) 98.17(2) 100.57(5)
ye 90.0 90.0 90.0
Volume A3 982.9(5) 1170.2(8) 1350.1(8)
Densitycy, g/cm? 1.292 1.302 1.315
Densityez» g/cm? 1.291 1.288 1.311
Crystal Dimensions,
mm 0.29x0.28x0.05  0.35x0.50x0.05  0.10x0.10x0.50
Crystal Shape Flat Plate Rectangular Plate Needle
Cell Determined 25 Reflections 25 Reflections 25 Reflections

9°<20<36° 9°<20<25° 9°<20<36°
Radiation Mo (graphite) Mo (graphite) Mo (graphite)
Scan Type W20 w20 W20
Scan Rate, %min. 1.27-5.49 1.27-5.49 1.27-5.49




f——_'—

v ma— -

Power 45KV/20ma 45KV/20ma
Detector Apeture 4.00mm 4.00mm
‘ Check Reflections 3 every 200 refl. 3 every 200 refl.
12°Q0<Q4° 12°<26<4°
Orientation 3 every 2 hrs. 3 every 2 hrs.
Reflections 16°<28<36° 18°Q2024°
. Temperature, °C 22 22
26 Range, ° 2-50 2-50
Data Collected, 31, 0-7, £11 +31, 0-6, £9
h k1 :
Total Number of 5776 4593
"~ Reflections -
Unique Number of 663 623
Reflections >30
Number of 136 163
Parameters Varied
Average Decay 1.006 1.004
Correction
Absorption 0.7 0.7
Coefficient,cm-!
Absorption none none
Correction
R 0.050 0.062
RW 0.060 0.091
Maximum Shift/error 0.03 0.01
in final cycle

L2

AL

RW=

ZW“Fol -|F§D_2_
Y w(E)

45KV/20ma Preprint 1
4.00mm

3 every 200 refl.
22°Q0<Q26°

3 every 2 hrs.
22°Q20<26°

22
2-50

0-36, 6, £9
3188

527

73
1.004

0.7

none

0.067
0.074
0.01
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TABLE IV

Positional Parameters, Equivaleat Isotropic Thermal Factors, and

Their Estimated Standard Deviations for p-Quinquephenyl

Atom x y z B(A2)
C3 0.3384(2) -0.1788(9) 0.2567(S) 4.1(1)
C4 0.3163(2) 0.0007(8) 0.3521(4) 2.63(8)
(o7 0.2515(2) 0.0042(7) 0.3830(4) 2.71(8)
C8 0.2115(2) -0.1726(9) 0.3206(6) 5.1(1)
9 0.1511(2) -0.1737(8)  0.3475(5) 4.8(1)
C10 0.1263(2) -0.0020(7) 0.4393(4) 2.62(8)
C11 0.1663(2) 0.1751(9)  0.5007(6) 4.8(1)
C12 0.2267(2) 0.1775(9)  0.4743(5) 5.0(1)
C13 0.0614(2) -0.0037(7) 0.4698(4) 2.59(7)
Cil4 0.0204(2) -0.1789(8)  0.4079(5) 4.6(1)
C1s 0.03972) 0.1773(9)  0.5622(5) 4.3(1)
Ci1 0.4390(2) -0.0065(9) 0.2967(5) 4.1(1)
C2 0.3989(2) -0.1807(9)  0.2300(5) 4.6(1)
Cé6 0.4180(2) 0.1739(9)  0.3906(S) 4.4(1)
H1 0.481 -0.012 0.281 5.4+
H2 0.413 -0.302 0.162 6.0*
H3 0.312 -0.302 0.209 5.3+
HS5 0.343 0.299 0.485 5.5*
H6 0.445 0.297 0.436 5.4¢
HS8 0.226 -0.301 0.260 6.6*
H9 0.125 -0.298 0.298 6.2*
H11 0.152 0.304 0.562 6.1*
H12 0.253 0.302 0.523 6.9*
H14 0.034 -0.297 0.337 . 5.8%
H15 0.066 0.305 0.601 5.1%
Starred atoms were refined isotropically.

Anisotropically refined atoms are given in the form of the isotropic equivalent

Preprint 1

displacement parameter defined as: (4/3)[a2B) ; + b2B2 2 + ¢2B3 3 + ab(cos 1)B} 2
+ ac(cos B)By 3 + be(cos a)B2 3)




TABLEYV

Bond Distances (A) and Bond Angles () for p-Quinquephenyl

Atom ] Atom2 Distance

Atom ] Atom 2 Distance

Preprint 1

Atom 1 Atom2 Distance

C3 C4 1.392(6) C10 Cl13  1.482(5) C8 o 1.376(6)
C3 Q 1.378(6) Ci11 Cl12 1.373(6) C1 Q 1.374(6)
C3 H3 0.950(4) C1l HI1l 0.950(5) Cc8 HS 0.951(5)
C4 cs 1.386(6) C12 H12 09514) Ci1 Co6 1.379(7)
C4 C 1.481(5) Ci13 Cl4 1.378(6) (6. C10 1.372(6)
C5 Cé6 1.388(6) Ci13 C15 1.380(6) Ci H1 0.951(4)
C5 HS 0.951(5) Ci14 C15' 1.378(6) o HY 0.951(4)
04 C8 1.372(6) Ci4 H14 0.950(S) Q H2 0.950(5)
C Cl12 1.376(6) C15 H15 0.950(4) Cé6 H6 0.950(4)
C10 Cl1 1.373(6) Ci1s§ Ci4' 1.378(6)
Atom] Atom2 Atom Angle Atom1 Awm2 Atom3  Angle
C4 C3 Q 120.7(4) Ci12 Cll H11 117.8(4)
C4 C3 H3 120.3(4) oy Cl2 C11 122.8(5)
C2 C3 H3 119.14) C Cl12 Hl12 118.4(4)
C3 C4 C5 117.7(3) Cll C12 Hi12 118.8(5)
C3 C4 C7 121.3(3) C10 Ci3 Ci4 122.8(4)
C5 C4 C7 121.0(4) C10 Ci3 C15 119.9(3)
C4 Cs C6 121.4(4) Cl4 Ci13 Ci15 117.3(4)
C4 C5 HS5 119.14) Ci3 Cil4 Cls' 122.04)
Cé6 Cs HS 119.5(4) Ci13 Cl4 Hl4 117.7(4)
C4 c C8 120.9(4) C1s* Cu4 Hl4 120.2(4)
C4 (og) Cl12 124.34) Ci13 C1S5 Cl4' 120.8(4)
C8 C C12 114934) Ci13 Ci1s H1S 119.0(4)
Cc7 C8 0 122.1(4) Ci4 Ci5 H15 120.1¢4)
C7 C8 HS8 119.44) Q Ci Cé6 119.14)
(0. C8 HS8 118.5(4) Q Cl Hl 120.7(4)
C8 9 C10 123.2(5) Cé6 C1 H1 120.3(4)
C8 (6] H9 118.3(5) C3 Q2 Ci 121.14)
C10 (6, H9 118.4(4) C3 Q H2 119.5(4)
(8" C10 Cll1  114.6(4) Ci 2 H2 119.3(5)
o C10 C13  123.4(4) Cs C6 Ci 120.0(4)
Cl11 Ci10 Ci13 122.14) Cs Cé6 H6 119.9(5)
C10 Cl1 C12 122.6(4) C1 Cé6 H6 120.2(4)
C10 Cl1 H1l  119.6(4)

Numbers in parentheses are estimated standard deviations in the least significant digits.
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TABLE VI

Positional Parameters, Equivalent Isotropic Thermal Factors and

Their Estimated Standard Deviations for p-Sexiphenyl

tom X AZ)
Ci 0.0276(2) 0.007(1) ,0.0409(6) 2.5(1)
o] 0.0620(2) -0.174(1)  0.0066(8) 4.5(2)
C3 0.1117(3) -0.174(1)  0.0849(8) 45(2)
4 0.1321(2) 0.001(1)  0.1953(6) 1.6(1)
Cs 0.0982(2) 0.179(1) 0.2214(8) 3.9(2)
Cé6 0.0456(3) 0.179(2) 0.1529(9) 5.7Q2)
C 0.1875(3) -0.008(1) 0.2729(7) 3.6(2)
C8 0.2220(3) -0.181(2)  0.2399(9) 5.4(2)
c . 0.2696(2) -0.178(1)  0.3188(8) 4.4(2)
C10 0.2910(2) 0.002(1)  0.4253(7) 3.1(1)
c1 0.2569(3) 0.175(1)  0.4563(9) 5.3(2)
Ci2 0.2051(2) 0.173(1)  0.3828(9) 4.6(2)
Ci13 0.3443(2) 0.001(1) 0.5074(7) 2.7%(1)
Cl4 0.3781(2) -0.174(1) 0.4752(8) 4.1(2)
C15 0.4320(2) -0.177(2)  0.5448(9) 4.7(2)
C16 0.4488(3) 0.003(2)  0.6560(9) 5.3(2)
C17 0.41493) 0.179(2) 0.6951(9) 4.9(2)
C18 0.3661(2)  0.183(1)  0.6192(8) 3.4(1)
H2 0.052 -0.296 -0.074 5.2+
H3 0.133 -0.304 0.064 5.6*
HS 0.111 0314 0.286 4.5%
Hé6 0.023 0.293 0.189 7.1+
H8 0.212 -0.293 0.153 6.8*
H9 0.290 -0.316 0.310 5.7*
H11 0.270 0.306 0.525 6.5*
H12 0.182 0.293 0411 5.8¢
Hi4 0.365 -0.306 0.408 5.8+
H15 0.455 0.291 0510 5.1%
H16 - 0.484 0.005 0.707 6.4*
H17 0.426 0.295 0.77% 6.6*
H18 0.345 0.316 0.639 4.2¢

Starred atoms were refined isotropically.

Anisotropically refined atoms are given in the form of the isotropic equivalent

Preprint 1

displacement parameter defined as: (4/3){a2B) j + b2B22 + c2B3 3 + ab(cos 1)B} 2
+ ac(cos B)B) 3 + bc(cos @)B2 3]
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TABLE VII
Bond Distances (A) and Bond Angles (°) for p-Sexiphenyl
Atom 1 Atom2 Distance _ Atom] Atom2 Distance Atom 1 Atom2 Distance
C1 C1'  1.506(6) 9 HY 0951(7) Cs HS 09506
Ci Q 1.41(1) Cl10 C11 1.36(2) Ci16 C17 1.39(1)
C1 C6  1.36(2) Ci10 Ci13 1461(8) C6 H6 095109
 0v] C3 1.366(9) Cil Ci12 1.40Q) Cl16 HI16 0.950(8)
o] H2 0.951(7) Cill HI11 0950(7) (or) C8 1.38(2)
Cl2 HI12 0.950(7) C17 Ci18 1.339(8) (o.") C10 1.386(9)
C3 C4 1.378(8) Ci13 Ci4 137Q0) C7 Cl12 1.38(1)
C3 H3 0.950(7) Ci3 Ci18 1.426(9) C17 H17 0951(8)
C4 Cs 1.366(8) Cil4 C15 1.446(9) C8 o 1.321(9)
C4 C7 1.501(8) Cl4 H14 0.950(7) Ci8 HI8 0.950(7)
Ci15 Ci6 1.38(2) C8 HS 0.950(8) C15 H15 0.951(8)
C5 ©6 141309
Atom] Atom2 Atom3 _ Angle Atom] Atom2 Atom3 __ Anple
cr C1 Q 118.7(6) C8 (0" H9 117.2(7)
cr Cl Cé6 123.5(6) C10 (0. H9 117.0(6)
Q2 Cl C6 117.8(5) (6] C10 Cl11 114.0(6)
Cl C2 C3 120.2(6) o C10 C13 123.7(7)
C1 C2 H2 121.0(6) C1l Ci10 Ci13 122.1(6)
C3 C2 H2 118.7(7) Ci0 Cii C12 122.5(7)
C2 C3 C4 124.0(7) C10 C1 Hl11 117.3(6)
C2 C3 H3 118.1(7) Ci2 Ci1 H1l 120.2(7)
C4 C3 H3 117.9(6) C? Cl12 Cl1 119.8(7)
C3 C4 Cs 114.3(5) L og] Cl12 HI12 120.2(6)
C3 C4 C? 120.8(5) Ci1 Cl2 H12  120.0(8)
Cs C4 (0] 124.9(5) C10 Ci13 Cl4 121.5(6)
C4 CSs Cé6 124.1(6) Cil0 Ci3 Ci18 123.8(6)
4 Cs HS 117.6(5) Ci4 Ci3 Ci8 114.7(5)
C6 Cs HS 118.3(6) Ci3 Ci4 Cis 123.9(6)
C1 C6 Cs 119.3(7) Ci3 Cl4 H14 1172.7(6)
C1 Cé6 H6 120.3(6) Cis Cil4 Hi4 118407
Cs Cé6 H6 120.3(8) Cil4 Ci15 Ci6 117.007)
C4 (og] C8 124.5(6) Cl4 Ci15 HI1S 121.7(7)
C4 (o) C12 117.6(7) Ci16 Cl15 H1S 121.4(6)
C8 7 Cl12 117.9(6) C15 Cl16 C17 120.3(7)
oy C8 (o,") 119.9(7) Cls Ci16 HI16 1194(8)
7 Cs8 HS8 119.0(6) c1? Cl16 H16 120.3(8)
(o) C8 H8 120.9(8) Cl6 C17 C18 120.7(8)




Bond Angles (°) for P-Sexipheny! (Continued)

Atom 1 Atomz &omg Angle Anoml Amz Atom3 _ Angle

C8 (&Y C10 125907 Cl6 C17 HI7T 119.9(6)
C18 C17 H17 1194(7) Cl13 cCci8 o 123.3(7)
C13 Ci8 HI8 1179(5) C1?7 Ci18 HIg 1188(7)

Preprint 1

Numbers in parentheses are estimated standard deviations in the Jeast significant digits.
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TABLE VIl

Positional Parameters, Equivalent Isotropic Thermal Factors and
Their Estimated Standard Deviations for P-Septipheny!

~BA?)
Ci1 0.044 0.501 0.480 2.1
o0 0.028 0.323 0.568 4.4
C3 0.016 0.681 0.411 3.8
C4 0.092 0.502 0.457 2.1
Cs 0.121 0.320 0.524 4.3
Cé 0.166 0.318 0.503 36
C7 0.182 0.504 0415 2.6
C8 0.153 0.677 0.345 4.1
(&Y 0.109 0.677 0.366 4.3
C10 0.2289(2) 0.497(2) 0.3923(9) 2.8(2)
Ci1 0.259 0.322 0.456 50
Ci2 0.302 0.321 0.437 4.7
C13 0.3196(2) 0.501(2) 0.3504(9) 2.4(2)
C14 0.290 0.674 0.284 5.1
C15 0.246 0.673 0.303 4.8
C16 0.3664(2) 0.500(2) 0.327(1) 2.4(2)
C17 0.3966(3) 0.324(2) 0.401(1) 4.0(2)
C18 0.4406(3) 0.326(2) 0.384(1) 5.1(3)
C19 0.4563(3) 0.505(2) 0.293(1) 3.6(2)
C20 0.4267(3) 0.680(2) 0.219(1) 4.7(3)
C2] 0.3828(2) 0.683(2) 0.236(1) 4.2(2)
HS 0.115 0.212 0.606 5.1+
H6 0.186 0.215 0.591 4.2¢
H8 0.164 0.808 0.268 4.4*
H9 0.097 0.811 0.321 4.6*
H11 0.252 0.219 0.536 5.3+
H12 0.324 0.211 0.518 5.0*
H14 0.297 0.812 0.202 5.0*
H15 0.227 0.808 0.235 5.1+
H17 0.386 0.197 0.462 4.3+
H18 0.460 0.201 0.432 5.2%
H19 0.487 0.508 0.282 4.5%
H20 0.437 0.805 0.155 4.5¢
H21 0.363 0.808 0.188 4.4+
H3 0.0297 0.8067 03196 4.0
H2 0.047 0.197 0.647 4.0*
Starred atoms were refined isotropically.

Anisotropically refined atoms are given in the form of the isotropic equivalent

Preprint 1

displacement parameter defined as: (4/3){a2B) y + b2B3 2 + ¢2B3 3 + ab(cos ¥)B1.2

+ ac(cos B)Bj 3 + be(cos a)B23)




TABLEIX

Bond Distances (A) and Bond Angles (°) for P-Septiphenyl
Atom 1 Atom 2 Distance Atom 1 Atom2 Distance Atom 1 Atom 2 Distance

Preprint 1

Cl C 136109 Cll HI1l 092Q) c8 ©9 139(1)
Cl C 136909 C12 CI13 1.38909) Ci8 HI8 0.952)
Cl C4 152209 Cl2 HI2 1.04309) C8 H8 1062
CQ H2 104609 Ci13 Cl4 1.36009) C19 C20 1.400)
C3 H3 115009 Ci3 Cl6 1.49Q2) 9 H9 0.88%)
C4 ©5 13802 Cl4 C15 1.38Q2) C19 HI9 0.951(8)
C4 ©9 13602 Cl4 Hl4 1.0602) C10 Cl11 1.366(9)
Cs ©C6 14102 C1S H1S 1.06(2) C20 C21 1.38(1)
CS HS 09402) Ci6 C17 1.40(1) CI0 C15 1.38Q)
6 C7  1.39() Ci6 C21 1.40(1) C20 H20 0.96(2)
C6 H6 1.03(1) C17 Ci18 1.38Q1) Cll Cl12 13602
C7 €8 1.36(1) C17 HI17 096(2) C21 H21 0.95009)
C?  Cl0 1.489(8) Ci8 C19 1.38(1) C2 C3'  1.394(8)
C3 €2 1.394(8)
Atom2 Atom3 _ Angle _ Atom] Atom2
Cl (o0 C3'  121.9(6) Cl 3 c2 119.6(6)
c2 (o] C3 118509 C1l Cl10 Ci5 114.1(5)
C2 Cl C4 121.3(5) C10 Ci1 C12 123.7(4)
c3 Cl C4 12024 ClI0 C11  Hn 119.3(4)
Cl (00 H2 126.7(4) C12 Cl1 Hll 115.3(4)
Cl C3 H3  115.1(4) Cl1 C12 cC13 122.2(3)
Cl C4 C5 12053) Cii  C12 H12 117.303)
Cl C4 o  121.703) C13 Cl12 HI2 11830Q3)
c5 C4 0 117.703) Cl2 Ci3 Cu4 114.7(5)
C4 cs C6 1211(55 C12 C13 Ci6 122.5(7)
c4 cs H5 12367) Cl4 Ci3 Ci16 122.8(8)
C6 cs HS 11398 C13 Cl4 Ci1$ 122.7(4)
cs c6 C7 12004) Ci13 Cl4 HI4  1238(3)
cs C6 H6  113.8(3) Cls Ci4 HI4 113.103)
c7 (0 H6 1223(33) C10 Ci5 Ci4 122.7(3)
C6 c7 c8  117.703) Cl0 CI1S HIS 123.3(3)
C6 c7 C10 1192(4) Cl4 CIS HiIS 114.0(4)
C8 (o} Cl0 12304 Ci13 C16 C17 122.0(8)
(o1} cs8 o  121.7(8) Cl13 Cl6 C2 120.7(8)
c? C8 H8  117.5(8) C17 Ci6 C21 117.2(7)
(o] (o] H8  120.7(7) Cl6 C17 Ci8 122.2(9)
C4 o9 C8  121.6(9) Cl6 C17 HI7 118.7(8)
C4 9 H9  131.5(8) Cl8 C17 HI7 119.1(9)
C8 o9 H9  106.6(9) C17 Ci8 C19 120.3(9)




o)

C

Ci18
Ci8
C20
C19
C19

C10
C10
C19
C19
C19
C20
C20

Bond Angles (°) for P-Septipheny! (Continued)
Atom1 Atom2 Atom3 _Angle Atom1 Atom2 Atom3 __ Angle

C1l
Ci5
C20
H19
H19
Q1
H20

124.5(7)
121.5(7)
118.3(8)
120.5(9)
121.3(9)
122.4(9)
119.5(8)

C17
C19
Q1
Ci16
C16
20

C18
Ci18
Q20
Q1
Qi
Q1

H18
H18
H20
C20
H21
H21

120(2)
119.4(8)
118.0(9)
119.6(8)
119.3(8)
122(1)

Preprint 1

Numbers in parentheses are estimated standard deviations in the least significant digits.
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[y

Stereoview of PSeptiP showing molecular packing in unit cell. The a axis

is vertical and the b axis is horizontal.

Figure 9.
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DISCUSSION

The unit cell parameters of the n = 5, 6, and 7 polypheny! series (where n is the
number of phenyl units in the molecule) agree well with the n = 2, 3, and 4 oligomers,
namely biphenyl, p-terphenyl, and p-quaterphenyl, allowing for space group
transformations as shown in Table IIl. The a cell parameter is increased by approximately
4.14 A with the addition of a pheny] group to the end of the molecule, which is less than
the length of the phenyl structural unit (approximately 4.3 A). Direct alignment with the
long axis of the unit cell is difficult to achieve and a structoral anomaly is predicted to occur
suchas a:

(i) Phenyl ring deformation (chain compression or expansion),
(ii) Molecular axis linear deviation (chain bending or kinks), and
(iii) Cell axis alignment deviation (chain tilting).

Simple observation of the stereoviews of the oligomers in Figures S, 7, and 9 re-eals
that the molecular axis is tilted away from the long crystallographic axis. Biphenyl40, p-
terphenyl4}, and p-quaterphenyl42 also possess this anomaly. Figure 12 presents different
views of PSeptiP showing how the molecules align parallel to the ac or (010) plane and the
setting angle 6 as the angle the benzene planes of the "averaged” oligomer make with the ac
(010) plane of the unit cell. Figure 12 also shows the molecular axes intersecting with the
&b (001) and be (100) planes defining an intersection angle  and ¢, respectively. This
angular data is tabulated below in Table X and shown in Figure 13.

TABLEX

Intersection Angles and Setting Angles for p-Polyphenyls
COMPOUND ©,303°  6,303°  ¢,303°
Biphenyl 225 56 725
p-terphenyl 19 57 73
p-quaterphenyl 115 56.5 73
p-quinquephenyl 9.5 56.5 73
p-sexiphenyl 26 55 7
p-septiphenyl 6.5 57 72.5
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Intersection Angles and Setting Angles for p-Polyphenyls
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Intersection angles @ and ¢ and the setting angle® for p-Polyphenyls.

Figure 13.

PPP polymer has been determined43 1o have 8 = 57° by incorporating the setting
angle into the data refinement and defining the molecular axes to be perpendicular to the

(100) plane and paraliel to the (010) and (001) planes. The average setting angle of 56.3
0.3° observed for the PPP oligomers agrees very well with that derived for the polymer.

The intersection angle ¢ remains relatively stable at approximately 72 £ 0.3° and does not
appear to approach 90° defined for PPP. The intersection angle, @, however, fluctuates

with oligomer chain length. With p-sexiphenyl being the exception, ® decreases with
oligomer chain length approaching a value of zero defined for PPP. At this time it is not

¢
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clear as to why PSP does not fit the data trend. Perhaps PSP exists as a polymorph and

changing the conditions of crystallization will influence the crystal sgucture. p-Sexiphenyl
has been suggested* o be good model compound for PPP due to highly similar X-ray
Photoelectron Spectroscopy (XPS) spectra. We report that, structurally speaking, p-
sexiphenyl, possessing the maximum ¢ of 26°, is & poor model for the polymer.

PQP, PSP, and PSeptiP all possess a center of symmetry making one half of the
molecule identical to the other. Observations of edge-on drawings of the oligomers (see
Figure 14) confirmed by a calculation of the angles between the atoms making up the
molecular axis (see Table XI) revealed that the oligomers are straight. Interestingly
enough, the largest deviation is again with p-sexiphenyl with a 3.6° kink between phenyl
rings 3 and 4 (at the asymmetric point) and a 3.3° kink between phenyl rings 2 and 3 setting
the terminal phenyl ring as 1.

The C-C bond distances within and between the phenyl rings of PQP, PSP, and
PSeptiP all agree quite well with expected values. The endocyclic bond angles of the chain
axis carbon atoms are less than the expected 120°, which is consistent with the lower
oligomer structures33-40, This narrowing of the benzene ring would make the overall
oligomer or polymer slightly longer than expected from calculation making direct alignment
with the long crystallographic axis difficult. p-Sexiphenyl, once again, has the widest
range of these endocyclic bond angles varying from 114.0° to 120.3°. The other bond
angles agree well with the expected values. In summary, out of the three structural
anomalies predicted to occur, anomalies (i ) and ( iii ) are the largest and probably the most
important factors in accounting for the discrepancy between the the calculated and observed
unit cell parameters.

Fitting all of the carbon atoms to a least-squares plane reveals that for the room
temperature structure of the oligomer all of the phenyl rings lie in the same plane (see
Figure 14). This planar structure is thought 10 be the averaged structure of all the rotational
degrees of freedom belonging to the phenyl units of PPP oligomers. Measurements of
libational tensors for the lower oligomers4] reveal that the rings do have a high degree of
torsional motion. The largest deviation from the oligomer plane was 0.05 A for C9 of
PSeptiP. Measurement of inter-ring torsion angles confirmed this averaged planarity in
PQP, PSP, and PSeptiP. PPP conformations simulated in the absence of crystal packing
forces!S have the rings perpendicular to each other and calculations on a trimer4S indicate
inter-ring torsion angles of approximately 50°. This suggests that constraints within the
unit cell are strong enough to overcome the ortho hydrogen repulsion. A double well
potential46 exists as a result of the competition of these two forces.

The oligomers in this study pack in a herringbone (non-parallel) structure? also
observed in the lower oligomers and calculated to occur in the polymer. No close
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Table X1
Angles (°) Between Molecular Axis Carbon Atoms

Tables Angles
1753
C4-C7-C10 178.5
PQP C7-C10-C13 179.5
C10-C13-C13' 178.7
C1-C1-C4 176.4
C1-C4-C7 178.2
PSP C4-C1-C10 177.6
C1-C10-C13 178.3
C10-C13-Cl16 178.0
C1-C1-C4 179.6
C1-C4-C7 179.8
C4-C7-C10 178.2
PSeptiP C1-C10-C13 178.0
C10-C13-C16 179.2
C13-C16-C19 178.1
13——10 7 — 4\_—/ 1
PQP Asymmetric Unit
/TN S\
PSP Asymmetric Unit
19 16—13 10—7 4—
PSeptiP Asymmetric Unit

molecular interactions of any significance are found, the closest one being (C2)-C1--H6 at
2.9 A and 90° (the C1--H6 distance is 2.6 A) occurring in p-sexiphenyl.
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Structural Transitions

Low temperature (110 K) structure determinations for PQP, PSP, and PSeptiP are ()
currently underway. Research done on the lower polyphenyls#8-50 have discovered that a
structural transition occurs such that the “averaged” planar structure observed at room
temperature changes to a nonplanar configuration at lower temperature. The low
temperature unit cell is a superstructure of the room temperature unit cell with the
parameters b and ¢ approximately doubled to account for the greater displacement of the
nonplanar molecule. The temperatures of these transitions are presented in Table III and
are plotted in Figure 15 along with the melting points of the PPP oligomers up to p-

octiphenyl.
800
Melting Point and Transition State
of PPP Oligomers
€00
T,K 400-
|
o"
200 + "'
’l
S I I 1
’I
é
o | ] ¥ 4 | ] 1 1 ]
1 2 3 4 5 € 7 8
n

Figure 15.  Plot of transition~(- -~ =) and melting point-t—a—)-vs. oligomer length (n).
Error bars atn = 5 - 7 indicate temperature range for observed transition.

Preliminary experiments on PQP, PSP, and PSeptiP have produced very interesting
results which we are in the process of confirming. Information from Figure 15 suggests
that the transition temperatures for PQP, PSP, and PSeptiP to be above room temperature,
but the room temperature structures are planar and DSC measurements indicate that no
transitions occur until the vicinity of the melting point is reached. Upon cooling 10 110K,
both PQP and PSP single crystals index to unit cells slightly larger than the room .
temperature unit cells. After approximately one day, a structural transition occurs to a
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monoclinic unit cell where b and ¢ are approximately doubled from the original unit cell,

PSeptiP transformed to0 an orthorhombic unit cell with b and ¢ approximately doubled from
the original unit cell within the time it took the softwareso find 25 strong reflections and
index them - approximately 1 to 2 hours. Unfortunately, it has not been possible yet to
resolve the low temperature reflection data to & structitre or space group vezification.

We believe these oligomers to have a time dependent phase transition. DSC
measurements taken on polycrystalline samples cooled to -140°C at a rate of 10°C/min.
show no transition. Low temperature X-ray photographs cooling as low as -130°C and
holding the sample there for as long as five days shows no transition taking place. We
conclude that the transition temperature must exist between these two temperatures
(between 143 and 110 K) as indicated in Figure 15 by the error bars and is time dependent.
This transition temperature, being much lower than the other polyphenyls and to have a
time dependency, could be explained by a non-first order phase transition such that is
" observed for biphenyl48.51 for which a soft mode exists below its transition temperature.

DSC measurements on PQP, PSP, PSeptiP, and p-ocgiphenyl (POP), shown in
Figure 16a-d, respectively, indicate that the samples undergo transitions around the melting
point which have been attributed to liquid crystal transitions. PQP (Figure 16a) shows a
small peak at 418°C probably indicating the nematic ~» isotropic transition after the melting
point at 388°C in total agreement with previous reports.34.36 PSP (Figure 16b) likewise
shows good agreement with previous research34-52 with peaks at 410°, 440°, and 474°C
probably indicating 2 high temperature crystal — crystal transition, crystal — smectic phase
transition, and a smectic — nematic phase transition. We observe a higher temperature for
the crystal — crystal transition than that reported by Wunderlich, et al..}7 Unfortunately
decomposition of the sample did not permit the observation of the nematic ~» isotropic
phase transition .3452 The DSC of PSeptiP (Figure 16¢) shows three peaks at 420°, 473°,
and 486°C probably indicating a crystal —» crystal transition, crystal — smectic phase
transition, and a smectic — nematic phase transition in the same manner as PSP.
Wunderlich, et al.53 reports a smectic — nematic transition at $34°C which is approximatly
50° higher than what we observe. This discrepancy can not be explained at this time. POP
(Figure 16d) shows two peaks probably indicating a smectic —» nematic transition at $10°C
after the melting point (sharp peak at 489°C). Sample decomposition did not permit going
to higher temperatures for PSeptiP and POP. Single crystals of POP are attempting to be
grown in order 10 perform a structure determination completing this series.

Or findings are plotted next 1o published values34.53 in Figure 17.
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400 -
Temp,
C
8001 W Crystal:Crystal Transition
@ Crystal:Smeciic Transition
A Smectic:Nematic Transition
200 4 © Nematic:isotropic Transition
n
100 [ ] 1 ] _ g
4 5 6 7 8

Figure 17. Plot of high temperature liquid crystal phase transitions for
PPP oligomers n=4 - 8.
If PSeptiP and POP follow the examples of the lower polyphenyls, the nematic - isotropic
transitions could be as high as 700° and 800°C for PSeptiP and POP, respectively. These
temperatures are much higher than thermal decomposition34 will allow stability to the
polymer and any practical use of the mesophase region will require special containments
such as high-pressure, inert atmosphere cells.

Also the plot indicates that a high temperature phase transition exists between the
crystal ~» crystal transition and the melting point. In addition is the low temperature phase
- transition mentioned earlier (see Figure 15). Nuclear magnetic resonance (NMR)
studies35.36 in this temperature range indicate that the phenyl rings undergo 180° flips along
the molecular axis for the amorphous phase. The rate of flipping is rapid at room
temperature and increases dramatic -, as the temperature rises. At low temperature the rate
of ring flips32 decreases to about 20 - 30° and the low temperature cell and structure
predominates.

Slow scan rates (10°C/min.) were used primarily to obtain accurate melting point
data. Decomposition, which is s0 common with the polyphenyls, may be preventing the
observation of many liquid crystal transitions. Additional DSC experiments using a faster
scan rate and pressurized containers are suggested in hopes of fully studying the phase
transitions of the higher polyphenyls.
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The higher oligomers of PPP follow the same pattern as the lower oligomers

;. previously studied. The unit cell parameters are very similar with the exception of
crystallographic axis a increasing with oligomer length to accomodate the growing chain.

All the oligomers have similar space groups, bond distances and bond angles. Linear,
planar molecular structures are observed in all but the hemringbone crystal structures are

very different. The longer even numbered oligomers are shewed in the unit cell much more

than the longer odd numbered oligomers. The setting angle for the oligomers match that of

Low temperature transitions for PQP, PSP, and PSeptiP exist between 110 K and
140 K and are time dependent, but detailed molecular structures could not be resolved nor

could a transition temperature be pinpointed. Liquid crystal transition states were observed
but due to sample decomposition at temperatures above 500°C need to be studied further.
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Appendix A

General Displacement Parameter Expressions, U's, for P-Quinguephenyl

Name

22223222402

1.1

0.036(2)
0.048(2)

0.037(2)
0.028(2)
0.046(2)
0.039(2)
0.036(2)
0.035(2)
0.053(2)
0.045(2)
0.034(2)
0.051(2)
0.028(2)
0.056(2)
0.024(2)

0.062(3)
0.054(3)
0.059(3)
0.041(2)
0.053(3)
0.061(3)
0.032(2)
0.060(3)
0.050(2)
0.026(2)
0.058(3)
0.054(2)
0.042(2)
0.048(2)
0.055(2)

0.058(2)
0.074(3)
0.063(3)
0.031(2)
0.060(2)
0.069(3)
0.033(2)
0.105(3)
0.082(3)
0.028(2)
0.096(3)
0.086(3)
0.029(1)
0.069(3)
0.087(3)

1

0.008(3)
-0.007(3)
0.001(3)
0.008(2)
<0.015(3)
<0.012(3)
-0.010(2)
0.005(2)
-0.010(3)
-0.014(2)
0.002(3)
-0.012(3)
0.015(2)
<0.022(3)
-0.016(2)

1.3

0.011(2)
0.008(2)
0.015(2)
0.004(1)
0.011(2)
0.013(2)
<0.001(2)
0.036(2)
0.014(2)
0.001(2)
0.027(2)
0.018(2)
0.006(1)
0.007(2)
0.019(2)

3)

0.003(3)
-0.013(3)
<0.013(3)

0.004(2)
-0.014(2)
«0.005(3)

0.002(2)
<0.033(3)
-0.044(2)
-0.002(2)
-0.032(3)
-0.044(2)

0.003(2)
-0.034(2)
-0.021(3)

The form of the anisotropic displacement parameter is:
exp[-272{h2a2U 1 + k2b2U3 2 + 12c2U3 3 + 2hkabU;  + 2hlacU; 3
+ 2klbcUz 3}] where a,b, and ¢ are reciprocal lattice constants.
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General Displacement Parameter Expressions, U's, for p-Sexiphenyl

Name

0000000229222302

Ci6
C17
Ci18

1

0.017(3)
0.041(4)
0.058(4)
0.015(3)
0.032(3)
0.048(5)
0.059(4)
0.043(4)
0.029(4)
0.032(4)
0.046(4)
0.029(4)

-0.045(4)

0.051(4)
0.038(4)
0.074(5)
0.049(4)
0.026(3)

0.049(3)
0.060(4)
0.044(4)
0.012(3)
0.027(3)
0.079(5)
0.048(4)
0.076(5)
0.053(4)
0.051(4)
0.074(4)
0.055(4)
0.025(3)
0.049(4)
0.065(4)
0.070(5)
0.071(5)
0.047(4)

Appendix A

0.030(3)
0.064(5)
0.064(4)
0.036(3)
0.086(5)
0.083(6)
0.026(3)
0.085(5)
0.081(5)
0.031(3)
0.076(5)
0.085(5)
0.032(3)
0.053(4)
0.070(5)
0.053(4)
0.060(5)
0.054(4)

1

-0.001(3)
<0.020(4)
0.029(4)
0.001(2)
0.014(3)
<0.009(S5)
-0.008(4)
0.007(4)
0.007(4)
-0.011(4)
0.027(4)
0.002(4)
0.005(3)
0.029(4)
0.014(4)
0.014(5)
-0.004(5)
0.010(3)

1

0.010(3)
<0.014(4)
-0.007(4)

0.017(2)

0.001(4)
<0.009(4)
-0.005(3)

0.003(4)

0.002(4)

+0.007(3)

-0.013(4)
-0.011(4)

0.010(3)
-0.009(4)
-0.008(4)
-0.007(4)
-0.013(4)

0.004(3)
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3)

<0.000(3)
-0.027(4)
<0.028(4)
0.000(3)
<0.032(4)
-0.042(5)
<0.001(4)
<0.037(5)
-0.0314)

0.006(4)
-0.045(4)
-0.018(5)

0.009(3)
<0.005(4)
-0.010(5)

0.008(5)
-0.006(5)
-0.014(4)

The form of the anisotropic displacement parameter is:
expl-2n2(h2a2U) y + k2b2U32 + 12c2U3 3 + 2hkabUj 2 + 2hlacU 3
+ 2klbcUz 3)] where a,b, and c are reciprocal lattice constants.




General Displacement Parameter Expressions, U's, for P-Septiphenyl

Name

0000000229223

c17
Ci8
C19
C20
C21

1.1

(~N-R-N-N-N-N- NN

0.0

N

9(S)

o0

0.024(4)

0

0
0.036(5)
0.037(5)
0.059(7)
0.020(4)
0.052(6)
0.030(5)

o
oogeeooaccco

)

0.047(6)

0

0
0.019(5)
0.055(7)
0.081(9)
0.070(7)
0.072(8)
0.060(7)

)
colococoocococcoe

a(4)

0.019(4)
0
0
0.037(5)
0.064(6)
0.054(6)
0.052(5)

0.056(7)
0.077(7)

1

Scooeoccoc

@

-0.006(5)

°e§oo

-0.002(5)
0.007(6)
0.014(7)
0.005(6)

<0.002(7)

<0.019(6)

8°ceooeooc

14)

o
cegoc
>

0.006(4)
0.025(4)
0.014(5)
0.020(4)
0.016(5)
0.024(4)

)

Sooooccoeo

3(6)

o
cogoo
(7]

.’

<0.009(5)
0.013(7)
0.020(7)
<0.004(7)
0.014(7)
0.011(7)

The form of the anisotropic displacement parameter is:

exp[-2x2(h2a2U} 1 + k2b2U3 2 + 12c2U3 3 + 2hkabU) 2 + 2hlacU 3

+ 2klbcU23)] where a,b, and ¢ are reciprocal lattice constants.
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ABSTRACT

The design of organic second order nonlinear optical (NLO) materials depends on factors
such as the nature and position of substituents on the aromatic ring and the hydrogen bonding
patterns of donor and acceptor groups. In order to investigate the effect of alkyl substitution on
the amino group and placemen: of bulky groups on the aromatic ring of nitroaniline derivatives,
the crystal structures and unit cell packing of 2-[2-(N-methylamino)-5-
nitrophenylJbenzothiazole, 2-[2-(N,N-dimethylamino)-$-nitrophenyl}-benzothiazole,
2-[2-(N,N-dicthylamino)-5-nitrophenyl Jbenzothiazole, and 2-(trimethylsilylethynyl)-4-nitro-
N,N-dimethylaniline have been determined. In all four compounds, alkyl groups attached to the
amino nitrogen atom prevent the formation of intermolecular hydrogen bonds between amino
and nitro groups. Instead, the molecules exhibit (C)-H.--O intermolecular interactions between
the nitro group and the hydrogen atoms on the aromatic ring and alky! groups. Two distinct
types of packing - herringbone patterns and planar stacks - are observed, with the closest
interactions associated with the planar stacks. The dialkylamino substituents extend above and
below the molecular plane,which is comprised of essentially coplanar ring systems.
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INTRODUCTION

The current emphasis in designing second order nonlinear optical materials is to combine
 electron conjugation, polarizability, and acentricity into 8 molecular solid. Polymers are very
good candidates for the first requirement because of their extensive % electron conjugation.
Nitroaniline derivatives (2-methylnitroaniline' and 2-methyinitromethylaniline?, for example),
baving conjugation and polarizability, are known to exhibit strong x® optical nonlinearities.
Quite often compounds that have the former factors crystallize in a morphology that includes a
center of symmetry, negating the effects of conjugation and polarizability and nullifying the %®
response. In order to increase our knowledge of the factors that influence the ¥® susceptibility
_of an organic material, a serics of compounds were synthesized and subjected to x-ray
crystallographic analysis. This series includes: 2-[2-(N,N-dimethylamino)-S-nitrophenyl}-
benzothiazole, 1; 2-[2-(N-methyl-amino)-5-nitrophenyl]-benzothiazole, 2; 2-[2-(N,N-diethyl-
amino)-S-nitrophenyl]-benzothiazole, 3; and 2-(trimethyisilylethynyl)-4-nitro-N,N-dimethylaniline,
4.

Each of the four compounds crystallizes in a centric lattice which eliminates a second order
NLO response. In spite of their similarities, the compounds exhibit two types of packing motifs
and have some interesting close contacts that are different from those nommally found in
nitroanilines.**
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EXPERIMENTAL

The compounds were synthesized by Bruce Reinhardt, Materials Laboratory, WPAFB.
Suitable crystals were selected from bulk crystalline samples and observed under crossed
polarizing filters to determine extinction boundaries. Single crystals were mounted using
cyanoacrylate adhesive onto glass fibers attached to long Huber pins and inserted into arcless
goniometer heads. The crystals were centered on a Enraf-Nonius CAD4 diffractometer for data
collection and rotation photographs taken to judge how well each crystal diffracts. Reflection
data were transferred to a VAX 11/730 compauter for further analysis using SDP/VAX5. Space
group identification was accomplished with the aid of the computer program LOOKS$ which
confirmed the systematic absences found in the reflection files. Structure solutions were found
using SHELXS7 or MULTANS and refined using full-matrix least-squares. Hydrogen atoms
- were placed in idealized locations calculated from geometric considerations and assigned a fixed
C-H bond distance of 0.95A. Subsequent isotropic refinement of hydrogen atoms did not
significantly improve the structure due to the reduced data-to-parameter ratio. Crystal data and
data collection parameters are tabulated in Table 1.
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RESULTS

~ The molecular structures of 1, 2, 3, and 4 are shown in Figures 1, 3, 5, and 7, respectively,
with the non-hydrogen atoms labeled and the hydrogen atoms omitted, except for H1 in 2 which
‘forms an intramolecular hydrogen bond with the nitrogen atom of the benzothiazole ring. Tables
- 11, IV, Vi, and VIII summarize the respective atomic coordinates. Bond distances and angles are
listed in Tables Ill, V, VI, IX. Stereoviews of the molecular packing in the unit cell are shown
in Figures 2, 4, 6, and 8. The close interactions in the forementioned compounds are summarized
in Table X.
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DISCUSSION - =

All four compounds reported here crystallize in centric space groups, thus eliminating the
possibility of @ activity. Two different types of unit cell packing are observed. Both of the
dialky] benzothiazole derivatives, 1 and 3, pack in the herringbone or non-parallel motif. This
is the simplest type of packing for polyaromatic compounds.” Compound 1 (see Figure 2)
displays a more complex herringbone diagram than 3 (see Figure 6). This is probably due to
more restricted room in the unit cell than is ideal to accommodate the bulky benzothiazole group -
which prefers to orient along the b axis. If the C1-C7 bond (the bond connecting the
benzothiazole group to the nitroaniline root) is extended through the molecule, the molecules
-within the unit cell intersect at =115° and =146° for 1 and 3, respectively. This makes the
nitroaniline plane of 3 to lie closer to a crystallographic face than that of 1. However, the
nitroaniline plane is not as important as the nitroaniline axis , also called the polar axis. The
polar axis of 2 is just 2.5° off from being in the ac (010) plane, whereas the polar axis of 3 is
22° out of plane with the (010) plane. Moreover, the polar axes for both 1 and 3 are directed
along the ¢ axis making the ¢ axis the mode of charge carrier motion.

Compounds 2 and 4 pack in a layered motif as shown in Figures 4 and 8, respectively.
Compound 2 is the only one of the four studied that did not crystallize in a monoclinic space
group. In addition, 2 is also the only compound out of the four studied that does not have its
nitrosniline plane or polar axis directly related to a crystallographic plane or axis. The molecules
of 4 are stacked along the ¢ axis. The polar axis of compound 4 is only 7° from being parallel
10 the b axis and is 19° from occupying the ab (001) plane making the b axis the mode of charge
carrier motion in this case. | |

Compound 2 does not order well in the unit cell. The molecule stacks parallel to the a axis,
with the molecules being tilted 25° from being perfectly perpendicular to the a axis. The
nitroaniline plane is 23° from occupying the (101) plane within the unit cell (see Figure 4). The
polar axis of the nitroaniline moiety does not correspond well to any crystallographic axes.

In describing the molecular structure, two categories clearly emerge - the benzothiazole
derivatives of nitrosniline and the silyl derivative of nitroaniline. The aromatic rings are
essentially coplanar in the benzothiazole derivatives, with the dihedral angle between the
pitrosniline and the benzothiszole rings systems of 5.1, 04, and 5.6° for 1, 2, and 3,
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The dialkylamino groups tum relative to the nitroaniline plane so that amino carbon atoms extend
out of the nitroaniline plane in order to maximize the distance between them and the sulfur atom
~of the benzothiazole ring. The angles about the dialkylamino nitrogen atoms in coumpound 1
and 3 are all within 7.4° of the 109.5° expected in an ideal sp’ hybridized stom. However, in
" the methylamino function of compound 2, the methyl group is coplanar with the aromatic ring
system, and the angles around the nitrogen atom are within 4° of 120°, This indicates that, while
the dimethyl- and diethylamino groups of 1 and 3 are tetrahedral, the methylamino group of 2
is trigonal planar. This change in the configuration of the nitrogen atom may be traced to two
discrete factors: (1) the steric interaction of an alky! group with the benzothiszole sulfur stom
# if the nitrogen is planar, and (2) the conjugation of the amino nitrogen atom to the aromatic ring.
“This latter factor is realized with the observed shortening of the C2-N3 bond distance in 2 vs.
1 and 3 (1.353, 1.421, and 1.426 A, respectively).

In the dialky! benzothiazole derivatives, compounds 1 and 3, the sulfur atom is cis to the
amino group, but is frans in 2, the monoalkyl derivative, via the C1-C7 bond. The trans
geometry observed in 2 is probably due to an intramolecular hydrogen bond forming with the
.amino hydrogen atom, Hl, and the benzothiazole nitrogen atom, N1 (see Figure 3). The
hydrogen bond is observed with a N-N contact of 2.7 A. In this case of compound 2, the
orientation in which a hydrogen bond can form would be preferred. The cis orientation found
in the dialkyl benzothiazole derivatives is due to a lesser level of steric repulsion between the
amino nitrogen atom and the benzothiazole sulfur atom when compared to the repulsion between
-adjacent nitrogen atoms if a near planar ring conformation is sdopted. Molecular modelling

- ealculations using PCMODEL of the two possible planar configurations for the dimethyl
derivative indicate that the cis arrangement is more stable.

In the silyl derivative of nitroaniline, the silyl group intersects the benzene ring with an
angle of about 11°. The carbon-carbon triple bond deviates slightly (=5°) from linearity making
the group slightly bent. The rather large thermal ellipsoids of the three carbon atoms attached
to the silicon atom indicate that the C22-Si bond is rotating rapidly. The dimethylamine group
is slightly twisted (=17°) from coplanarity with the benzene ring.

The nitro groups in all four compounds are virtually identical, only differing in the degree
of coplanarity with the benzene ring, 8.29°, 2.45°, 8.49°, and 2.50° in 1, 2, 3, and 4, respectively.
The greater deviation for the dialkylamino compounds, 1 and 3, may result from the uneven
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-intermolecular contact between the nitro oxygen atoms and a neighboring molecule.

ORTEP diagrams of the close interactions most resembling hydrogen bonds of 1, 2, 3, and
<4 are shown in Figures 9 through 12, respectively. The close interaction distances and angles
are also presented in Table X. Although these interactions are not close enough to be considered
hydrogen bonds", they do influence the centricity and close packing relationships discussed
above. '

Two types of (C)-H--O interactions are observed involving 1) hydrogen atoms from the
aromatic benzothiazole ring system and 2) hydrogen atoms from the alkylamino group. The
shortest distances in all four compounds are associated with the hydrogen atoms of the
benzothiazole ring and of these, the most interesting occur with the layered structures 2 and 4.
These compounds appear to maintain the network structure needed to propagate a charge over
large distances. All of the benzothiazole ring hydrogen atoms sppear to favor this interaction
while the majority of the alkylamino hydrogen atoms appear to favor crosslinking two parallel
layers. This crosslinking is probably due to the close proximity of the molecules caused by the
screw axis of the monoclinic space group. cd:Glycine' also contains this type of crosslinking.
The C3-H3---02 interaction seen in 4 is the shortest observed and the observed angle of 154.2°
is very close to 152.7° which is the average of 59 (C)-H--O hydrogen bond containing
structures’ found in the Cambridge Structiral Database'’,

Once again 2 is unique in this study to have an amino hydrogen atom available (N)-H--O
interactions. Interactions of this type hold a great deal of interest in this study™* with the desire
to produce acentric materials through hydrogen bonding. Unfortunately a search for nearest
neighbors revealed no oxygen atoms within 3.6A of the amino hydrogen stom. Indeed, the
amino hydrogen atom forms a good intramolecular hydrogen bond with the nitrogen atom of the
benzothiazole ring system and with nothing else.
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CONCLUSIONS

. The frequency of (C)-H--O contacts in substituted nitroaniline derivatives suggests that they
play a significant role in determining the packing arrangement and thus the observed centricity
of these structures. Bulky substituents, such as benzothiazole and trimethylsilyl, in addition to
being electron donors to the nitroaniline ring, may disropt the (N)-H:-O interaction, but no
definite effect on centricity is observed. The (C)-H--O angle does not correlate with the values
expected for a typical hydrogen bond when the H--<O contact is beyond 2.8A. A network of
(C)-H--O contacts is favored over isolated (C)-H--O interactions. Compounds 2 and 4 pack in
a layered motif presumably favored by the extensive network of (C)-H:-O interactions and the
shortest contacts are associated with this Isyered motif.
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Table . Crystal Data and Data Collection Parameters
1 2
Formula CH,N,0S GH,NOS
Color Brown Yellow
FW 29935 2833
F(000) 624 296
Crystal Dimensions, mm S5x.6x.88 05x.15x 8
Shape Diamond Rectangular
Radiation MoKa. MoKa.
Wavelength,A 0.71073 0.71073
Temperature 23° 23°
Space Group P2,/n P1
Reflections used for cell constants
number 25 23
O range 15-26 4-18
Cell Constants
aLA 9.070(1) 11.956(1)
bA 15.432(1) 4.188(1)
cA 10.147(5) 3.896(1)
o’ 90.0 92.20(1)
Be 91.32(2) 90.20(1)
v° 90.0 106.18(1)
Cell Volume A® 1419.9(10) 6342(3)
y 4 4 2
Calculated Density, g/cm’ 1.40 149
Absorption Coefficient, cm™ 22 25
Scan Type @20 /20
Scan Rate, */min. 10-55 0.7-28
Scan Width 0.55 + 0.34tan0 0.8 + 0.34ta00
Range of Data _
0° 0-41 0-30
b 0/16 -16/16
k -28/28 o019
| -18/18 -S8/8
Numerical Abs
max. trans. coeff. 09911 0.9885
min. trans. coeff. 0.8541 0.9446
Reflections Meas,
Total 21220 6094
Unique 6606 2979
Obeerved,
Fo>30(Fo?) 2540 1888
Avenging agreement on 1 0.016 0.025

3

CH,N,0,S
Yellow

32741

688
Ax.15x.78
Needle
MoKa
0.71073

230
Monoclinic
P2,/0

25
6-18

7.466(6)
20.884(2)
10.714(2)
90.0
109.96(2)
90.0
1570.1(20)
4

139

2.1

@20
03-535
035 + 0.34ta0®

0-30
-10/10
0/29

-13/18

9360
4697

2332
00029
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4

G H,N,0;Si
Yellow

262.39

560
3x5x.6
Rectangular
MoKa
0.71073

23 (-]
Monoclinic
P2 Jc

23
6-12

20.258(6)
10.444(4)
7.129%(2)
90.0
93.05(2)
90.0

1505.9(20)
4

1.16

15

@20
0357-279
12 + 03400

0-32
-10/10
0/15
0/30

0.9606
0.9329

3592
5266

1536
0.044




Table .  Crystal Data and Data Collection Parameters (continued)

1
Parameters 231
R 0.048
Rw 0.055
s 1.96
(A/o)max 0.08
(A )max (¢/A?) 0.31(6)
(A Jmin (e/A”) =.39(6)

2

223
0.074
0.070
0.75
0.01
0.27(S)
-23(3)

3

276
0.042
0.062
145
0.06
0.33(5)
-25(5)

[ L

164
0.0853
0.108
298
0.01
0.30(5)
«21(S)

Preprint 2




Preprint 2

Table IL Positional Parameters and Equivalent Isotropic Thermal Factors for
2-{2-(N,N-dimethylamino)-S-nitrophenyl]-benzothiazole

. Atom X y z B(AY
S1 0.51307(6) 0.42708(4) 0.73034(S) 4.71(1)
01 1.0399(2) 0.6326(1) 1.2233(2) 6.52(4)
02 0.8941(2) 0.5306(1) 1.2831(1) 6.334)
N2 0.9408(2) 0.5802(1) 1.2006(2) 4.60(4)
N3 0.6809(2) 0.5698(1) 0.6909(2) 4.16(4)
N1 0.5905(2) 0.3749(1) 0.9643(2) 4.014)
C2 0.7503(2) 0.5724(1) 0.8178(2) 3.744)
C1 0.7150(2) 0.5080(1) 0.9095(2) 3.234)
Ceé 0.7791(2) 0.5119(1) 1.0356(2) 3.484)
Cs 0.8758(2) 0.5771(1) 1.0668(2) 3.694)
C4 0.9145(2) 0.6394(2) 0.9779(2) 4.95(5)
C3 0.8509(3) 0.6367(2) 0.8534(2) 5.36(3)
Ci4 0.5976(3) 0.6464(2) 0.6582(3) 10.68(9)
C15 0.7759(3) 0.5463(2) 0.5857(2) 6.68(7)
7 0.6128(2) 0.4361(1) 0.8795(2) 3.30(4)
(& 0.4903(2) 0.3147(1) 0.9141(2) 3.914)
C10 0.4443(3) 0.2406(2) 0.9795(3) 5.48(6)
c1 0.3449(3) 0.1866(2) 0.9155(3) 6.27(6)
C12 0.2916(3) 0.2044(2) 0.7894(3) - 5.73(6)
Ci13 0.3344(2) 0.2772(2) 0.7236(2) 5.09(5)
C8 0.4360(2) 0.3328(1) 0.7876(2) 4.01(4)
H6 0.759 0.470 1.091 1.57"
H4 0.982 0.683 0.997 3.60
H3 0.866 0.679 0.796 4.20
Hl4a 0.523 0.632 0.587 741
H14b 0.546 0.665 0.739 7.50
Hl4c 0.663 0.694 0.627 7.50
H15a 0.718 0.535 0.508 4.14
H15b 0.821 0.599 0.571 7.98
Hil5c 0.832 0.493 0.613 10.58
H10 0472 0.229 1.067 3.67
H1 0.309 0.139 0.962 4.53
H12 0.224 0.165 0.747 3.04
H13 0.291 0.294 . 0.636 341

~

Mmoyb:ﬂynﬂmdmmﬂmhﬁefamofﬁebmopicqﬁvﬂem displacement parameter
' defined as: (4/3){2’B,, + V'By, + C'B,, + ab(cos 1)B,, + ac(cos B)B,, + be(cos 0)By)

“Hydrogen stoms were refined isotropically.
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‘Table . Bond Distances (A) and Bond Angles (°) for 2-[2-(N,N-dimethylamino)-S-nitro-
phenyl])-benzothiazole

Atom 1 Atom 2 _Distance Atom 1 Atom 2 Distance

S1

§1

o1
02
N2
N3
N3
N3
N1
N1
o7
c

RR&381Q

00N
uk b
[V S

Q2aQq

Atom 1

C7
o1
O1
02
C2
Cc2
Ci4
(o1
N3
N3
C1

anoEEzEE 0
93Q2EEEZ 23000532200

Atom 1 Atom 2 _ Distance

Cé

C4

C3

Ci4
Cl4
Cl4
C1s
C15
C15
C10
C11
C13

H6
H4
H3
Hlda
Hil4
Hl4c
HiSs
H15
H15¢
H10
H11
H13

0.873(3)
0.928(3)
0.884(3)
1.000(2)
1.001(2)
0.999(3)
0.951(3)
0.927(2)
1.002(4)
0.934(3)
0.935(2)
1.018(4)

Atom1 Atom2 Atom3 _ Angle

1.751(2) C1 Cs6 1.394(2)
1.721Q2 a o 1A474(3)
1.228(2) C G5 1.367(3)
1217(2) s &4 1.369(4)
1.469(2) 4 O 1.378(3)
1.421(2) o Ci0 1.391(3)
1.438(4) o C8 1.393(3)
1.433(4) Cl0 Cn 1.378(4)
1.298(2) ci1 C12 1.386(4)
1.388(3) C12 Q13 1.367(3)
1.403(3) Ci3 C8 1.406(4)
1.389(3) Ci12 H12 0.956(3)
Atom2 Atom3 _ Angle
s1 & 88.94(9) C6
N2 02 123.4(2) Cs
N2 Cs 118.1(2) Q2
N2 Cs 1183(2) s1
N3 Ci4 113.9(2) S1
N3 C1s 115.0(2) N1
N3 C1$ 110.9(2) N1
N1 c9 110.7(2) N1
c2 Ci 118.5(2) C10
c2 C3 122.0(2) o9
Q2 c3 1194(2) C10
Ci C6 1189(2) c1l
C1 C7 1233(2) C12
C1 <7 1179(2) S1
C6 Cs 119.7(2) S1
Cs C6 118.7(2) c9
Cs C4 118.9(2) Ci1
C6 H6 122.3(2) Cs
C4 H4 1184(2) o7
C3 H3 120.7Q2) N3
Ci4 Hi4b 108.02) N3
Cl14 Hil4b  109.5(2) Hl4a
Ci4 Hl4c  1095(2) N3
C15 H15b  100.0(2) N3
C1s HISb  105.3(2) Hl5
C1s Hisc 122.9Q2) (&
C10 H10 119.5(2) C10
c1 H11 1204(2) c1
C12 H12 119.0(2) 12
C13 H13 1194(2)

020922999090

c4 122.5(2)
C3 118.3(3)
c4 121.2(3)
N1 115.5(1)
c1 123.3(1)
c 1212(2)
C10  125.1(2)
cs 114.8(2)
cs 120.1(2)
Cl1 11812
C12 121302
C13 121202
Cs 117303)
o9 110.1(1)
C13  1288Q)
C13 1212(2)
H6 1179(2)
He 1233(2)
) 117.802)
Hida 108802
Hldc 111602
Hldc  109.5(2)
HiSa 109.2(2)
Hisc  1079()
Hisc  1108(2)
HI0O  1222(2)
HIl  1177Q)
HI2  1199()
HI3  1227Q2)




Table IV.  Positioua! Parameters and Equivalent Isotropic Thermal Factors

2-[2-(N-methylamino)-S-nitrophenyl)benzothiazole

¥ Atom X Y z BAYY
s1 0.50543(5) 0.11315(4) 0.3093(2) 2.89(1)
o1 1.0363(2) 0.3242(2) <0.0363(7) 6.00(6)
02 0.9035(2) 0.1869(2) <0.0970(7) 5.83(6)
N2 0.9365(2) 0.2725(2) 0.0025(7) 3.88(5)
N3 0.6206(2) 0.4451(1) 0.6434(6) 3.18(5)
N1 0.4600(2) 0.2672(1) 0.5849(6) 2.79(4)
Cc2 0.6963(2) 0.4022(2) 0.4899(6) 2.46(5)
Ci 0.6615(2) 0.3004(2) 0.3845(6) 2.39(5)
C6 0.7423(2) 0.2599(2) 0.2262(7) 2.71(5)
CS 0.8546(2) 0.3167(2) 0.1723(7) 2.76(5)
C4 0.8895(2) 0.4150(2) 0.2717(7) 3.10(5)
C3 0.8117(2) 0.4571(2) 0.4274(7) 3.02(5)
Cl4 0.6527(2) 0.5463(2) 0.7726(8) 3.61(6)
C7 0.5430(2) 0.2376(2) 0.4399(6) 2.40(5)
c9 0.3579(2) 0.1902(2) 0.5993(7) 2.64(5)
C10 0.2526(2) 0.1975(2) 0.7348(8) 3.46(6)
Ci1 0.1592(2) 0.1148(2) 0.7315(8) 3.80(6)
C12 0.1688(2) 0.0259(2) 0.5935(9) 3.89(6)
C13 0.2718(2) 0.0168(2) 0.4560(8) 3.30(6)
Cs8 0.3666(2) 0.1003(2) 0.4612(7) 2.63(5)
H6 0.722(2) 0.193(2) 0.151(6) 0.7¢5)"
H4 0.969(2) 0.450(2) 0.230(7) 1.5(6)
H3 0.837(2) 0.526(2) 0.501(7) 0.7(5)
Hl 0.550(2) 0.406(2) 0.674(7) 1.0(6)
Hl4c 0.712(3) 0.558(2) 0.955(8) 2.7(7)
Hlda 0.591(3) 0.559(2) 0.879%(8) 3.5(8)
H14b 0.680(2) 0.590(2) 0.595(8) 2.3(7)
H10 0.248(2) 0.256(2) 0.841(7) 1.0(5)
H11 0.086(2) 0.117(2) 0.828(8) 1.9(6)
HI12 0.101(2) <0.030(2) 0.588(8) 1.9(6)
H13 0.277(2) <0.044(2) 0.347(7) 1.8(6)

'Aaisotropically
defined as: (433){a’By; + V'By, + C’B,y + ab(cos 1)B,, + ac(cos B)By; + be(cos a)By)
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for

refined atoms are given in the form of the isotropic equivalent displacement parameter




Preprint 2

Bond Distances (A) and Bond Angles (°) for 2-[2-(N-methylamino)-S-nitrophenyl)-

e Atom 1 Atom

Table V.
benzothiazole
1 Atom
S1 C? 1.724(2) 4 C3 1.369(4)
S1 Cs 1.728(2) C4 H4 0.96(2)
01 N2 1.227(3) [ o | H3 0.97(2)
02 N2 1.215(4) Cl4 Hi4c 0.993)
N2 Cs 1.450(4) Ci4 Hilda 09003)
N3 [ ov ] 1.353(3) Cl4 Hi4d 09503)
" N3 Ci4 1.449(3) &) C10 1.3954)
N3 H1 0.89(2) (&) Cs8 1.397(4)
N1 C? 1.303(3) Ci10 Ci11 1.376(3)
N1 o9 1.396(3) Ci10 HI10 0.93(3)
(0w C1 1.430(4) Cl1 C12 1.388(4)
Atom 1 Atom 2 Atom 3 Angle Atom 1
C7 S1 Cs8 89.3(1) Cs
01 N2 02 123.13) C3
01 N2 Cs 118.0(2) 2
02 N2 Cs 119.0(3) c2
C2 N3 Cl4 123.5(2) C4
C2 N3 H1 116(2) N3
Ci4 N3 H1 121(2) N3
o) N1 9 111.0(2) N3
N3 (o0 1 121.2(2) Hl4c
N3 o0 ] C3 120.7(3) Hl4c
C1 C2 C3 118.2(2) Hl4a
2 Ci Cé 119.0(2) S1
o0 C1 7 121.9(2) S1
Cé6 Ci 7 1192(2) N1
Ci Cé Cs 120.7(2) N1
(o | Cé H6 121(1) Ni
Cs Cé H6 119(1) C10
N2 Cs Cé 1194(2) (&
N2 Cs C4 119.5(2) o
C6 Cs C4 121.1(2) cn
Cs C4 C3 119.5(2) C10
C10 Ci H11 121(2) C12
C12 cn HI11 118(2) C8
Ci1 C12 C13 121.6(2) S1
cin Ci12 HI12 119(2) S1
C13 Ci12 H12 119(2) (&)
Ci12 C13 Cs 117.72)

Cs
C13
Cé
C13
C6
C12
C1
C12
Ci
c1u
c2

C4
H13
H6
C8
Cs
H12
(o1}
C13
C6
H1l
C3

Atom 2 Atom 3

Distance

1.380(3)
0.96(3)
0.95(2)
1.393(3)
1.382(4)
0.96(2)
1.470(3)
1.382(5)
1.390(4)
0.96(3)
1.410(3)

Angle

118(2)
123Q2)
121.5(2)
120(1)
119(1)
112Q2)
109Q2)
111(2)
103(3)
110(2)
111(3)
1152(1)
120.0(2)
124.9(2)
1255(2)
114.6(2)
1199(2)
1189(3)
120(1)
121(1)
120.8(3)
122(2)
121(2)
109.9(2)
128.8(2)
1212(2)




Table VL
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Positional Parameters snd Equivalent hsotropic Thermal Factors for 2-{2-(N,N-diethyl-

amino)-S-nitrophenyl]benzothiazole

Atom _X y _z B(A%
S1 0.8974(1) 0.05716(3) 0.74746(5) 3.37(1)
o1 0.4498(3) <0.2005(1) 0.2461(2) 5.69(6)
o2 0.5576(3) <0.1149%(1) 0.1852(2) 5.47(5)
N1 0.8086(3) 0.05875(9) 0.4919%(2) 3.024)
N2 0.5325(3) <0.1488(1) 0.2700(2) 3.81(5)
N3 0.8410(3) <0.06865(9) 0.8046(2) 2.934)
Ci 0.7522(3) <0.0457(1) 0.5682(2) 2.63(4)
C2 0.7556(3) -0.0888(1) 0.6700(2) 2.66(4)
C3 0.6767(4) -0.1499(1) 0.6375(2) 3.68(5)
C4 0.5996(4) <0.1694(1) 0.5068(2) 3.73(6)
Cs 0.6062(3) -0.1275(1) 0.4085(2) 3.11(5)
Cé 0.6801(3) -0.0670(1) 0.4362(2) 2.94(5)
(o7 0.8152(3) 0.0212(1) 0.5905(2) 2.58(4)
C8 0.9268(3) 0.1283(1) 0.6734(2) 2.95(5)
C9 0.8707(3) 0.1199(1) 0.5360(2) 2.88(5)
C10 0.8808(4) 0.1712(1) 0.4556(2) 3.75(6)
c11 0.9480(4) 0.2292(1) 0.5139(3) 4.23(6)
C12 1.0082(4) 0.2367(1) 0.6513(3) 4.13(6)
C13 0.9967(4) 0.1869(1) 0.7322(3) 4.00(6)
Ci4 1.0506(4) -0.0797(1) 0.8601(3) 3.74(6)
C13 1.1108(4) -0.1479(2) 0.9038(3) 5.08(8)
C16 0.7420(4) -0.0859(1) 0.8963(2) 3.68(5)
C17 0.5441(4) -0.0538(2) 0.8563(3) 5.36(8)
H3 0.677 -0.178 0.707 53"
H4 0.543 0.210 0.485 53
H6 0.681 -0.039 0.366 42
H10 0.843 0.166 0.362 5.1
H11 0.955 0.265 0.460 5.7
H12 1.053 02m7 0.689 55
H13 1.039 0.192 0.826 53
Hl4a 1.083 <0.069 0.808 490
H14b 1.126 -0.051 0.945 4.0
H1S5a 1.044 -0.168 0.862 4.0
H15b 1.169 <0.134 0918 4.0
Hi3c 1.044 0.167 0972 40
H16a 0.834 -0.068 0.999 4.0
H16b 0.709 -0.134 0.890 40
H17s 0.584 -0.034 0.861 40
H17b 0.462 -0.081 0.780 40
H17c 0.501 <0.066 0.944 40

refined atoms are given in the form of the isotropic equivalent displacement parameter

'Anisotropically
defined as: (4/3){s’B,, + VB, + c’B,, + ab(cos Y)B,, + ac(cos B)B, + be(cos )By)
“Hydrogen atoms were refined isotropically.
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“Teble VI. Bond Distances (A) and Bond Angles (°) for 2-{2-(N,N-diethylamino)-S-nitro-

phenyl]benzothiazole
. Atom1 Atom 2 Distance Mlmomz Distance Atom 1 Atom 2 _ Distance
St o) 1.751(3) C3 C4 1.381(3) C12 H12 0.951(3)
S1 C8 1.733(2) Cc3 H3 0.951(3) C13 H13 0951(3)
01 N2 1.226(3) C4 Cs 1.382(4) Ci4 C15 1.525(4)
02 N2 1.216(3) C4 H4 0.950(3) Ci4 Hlda 0.721(4)
N1 c? 1.304(3) CS Cé6 1.371(3) Ci4 Hi4d 1.069(2)
N1 c9 1.387(3) Cé6 H6 0.950(2) C1s H15s 0.654(3)
N2 Cs 1.466(3) C8 9 1.397(4) C15 H1Sb 0.494(4)
N3 2 1.426(3) C8 C13  1.395(3) C15 Hi1Sc 1.075(3)
N3 Ci4 1.490(3) c9 C10 1.392(4) C16 C17 1.526(5)
N3 Cl16  1.462(4) Ci10 Cn 1.379(4) Cl6 Hi6s 1.140(2)
C1 2 1.408(3) C10 HI10 0.950(2) Ci6 Hi6b 1.031(3)
Ci C6 1.403(3) C11 Ci12 1.3934) C17 Hi17as 0.544(3)
C1 o) 1.466(3) Ci1  Hi11  0.950(3) C17 H17d 0.994(3)
2 C3 1.400(3) C12 Q13 1.375(5) C17 Hl7c 1.115(3)
Atoml Atom2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle
C7 S1 C8 89.2(2) C1 Cé H6 120.1(2)
N3 Cil4 Hl4a 103.1(2) N3 Cl4 H14b 1154(2)
C? N1 o9 111.2(2) Cs Cé6 H6 120.0(3)
01 N2 02 123.5(2) S1 7 N1 115.1(2)
C18 Ci4 Hl4a 113.8(3) C1s Ci4 Hi4b 103.6(2)
01 N2 Cs 117.8(2) S1 Lor) Ci 123.7(2)
02 N2 Cs 118.7(2) N1 7 c1 121.3(2)
Hl4a Ci4 H14b 105.8(3) Ci4 C1s H15a 108.9(3)
C2 N3 Cl4 113.9(3) S1 C8 o9 109.6(2)
Q2 N3 Ci6 1169(2) S1 C8 C13 129.2(2)
Cl4 C15 HI1Sb 72.0(4) Ci4 Cis H15¢ 1143(3)
Ci4 N3 C16 113.3(2) &) C8 C13 121.12)
C2 1 Cé 118.6(3) N1 9 C8 114.8(3)
Hil5 C1s H1Sb 1522(7) Hl5 C15 Hl5c 80.7(4)
C2 C1 o) 124.2(2) N1 (o C10 1254(3)
Cé Ci (o) 117.3(2) Cc8 o9 C10 119.7(2)
H15 C1s H15¢ 126.1(4) N3 Ci16 17 1119(2)
N3 c2 C1 118.6(2) c9 C10 C11 119.0(2)
N3 [ ov] C3 121.7(3) o9 C10 H10 120.2(2)
N3 Cl16 Hil6a 106.8(2) N3 Ci16 Hi6b 1112(2)
Ci [ o7 C3 119.7¢2) Cit C10 H10 120.8(3)
Q C3 C4 121.1(2) C10 cin C12 120.9(3)
17 C16 H16a 109.9(2) C17 C16 Hi16b 1013(2)
(or] [ o) H3 119.0(2) C10 C11 HI1 119.5(3)
C4 C3 H3 120.0(3) C12 c1 Hi1 119.6(3)
Hl6a C16 Hi6d 115.7(2) Cié C17 H17a  83.1(3)
C3 C4 CS 118.3(2) C11 C12 C13 120.9(2)




Table VII (continued)
Alom1 Atom2 Atom3 _ Angle Atom 1

3
c3 C4  H4  121109) c1 c12
Cl6 C17 HIT 1061(3) ci6 c17
Ccs C4 H4  1207Q) c13 cn2
N2 Cs C4 18902 cs c13
HiZa C17 HITD 13434) HIla C17
N2 cs C6 11892 c8 c13
C4 CS ©6  1230) c12 cn3
HI76 C17 Hl%c  108.6(3) N3 Cl4
cl C6 C5  1199(2)

H12
Hl7¢
H12
12
Hl7%c
H13
HI13
C1s

Atom 2 3 le

1194(3)
102.3(2)
119.7(3)
118.3(2)
113.0(4)
120.3(3)
121.2(3)
1153(2)
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Table VII. Positional Parameters and Equivalent Isotropic Thermal Factors for 2-(Trimethylsilyl-

ethynyl)-4-nitro-N,N-dimethylaniline

Atom X Y z_ B(A%Y’
Si 0.87838(9) 0.0253(2) 0.3013(3) 6.47(4)
01 0.6651(2) 0.5391(4) <0.0576(6) 7.2(1)
02 0.5645(2) 0.5119%(4) <0.1628(7) 7.6(1)
N1 0.6519(2) <0.0613(4) <0.0821(6) 4.9(1)
N4 0.6180(2) 0.4706(4) <0.1064(6) 5.4(1)
C1 0.6450(2) 0.0688(5) -0.0848(7) 3.9(1)
C2 0.6973(2) 0.1524(5) -0.0226(6) 3.6(1)
C3 0.6872(2) 0.2834(5) <0.0340(6) 3.8(1)
C4 0.6277(2) 0.3328(5) <0.1008(7) 4.1(1)
Cs 0.5755(3) 0.2529(5) -0.1544(7) 4.6(1)
Cé 0.5844(3) 0.1230(5) -0.1444(7) 4.5(1)
Ci1 0.5934(3) <0.1428(6) <0.1179(9) 6.5(2)
C12 0.7140(3) <0.1266(6) <0.105(1) 6.4(2)
C21 0.7575(3) 0.1112(5) 0.0714(7) 4.1(1)
c22 0.8074(3) 0.0842(5) 0.1594(8) 5.1(1)
C23 0.8559(S) 0.009(1) 0.546(1) 13.1(3)
Cu 0.9012(5) <0.1239(9) 0.225(2) 23.5(4)
C25 0.9428(5) 0.13%(1) 0.307(2) 18 7(4)
H3 0.724 0.344 0.006 s.0™
HS 0.532 0.290 0.199 3.0
H6 0.347 0.065 <0.181 5.0
H11b 0.558 -0.119 <0.023 5.0
Hllc 0.606 -0.239 <0.101 5.0
Hlls 0.574 -0.128 <0.254 30
H12b 0.730 -0.172 0.019 3.0
Hil2 0.749 -0.059 <0.140 5.0
Hi2a 0.708 <0.194 0.212 5.0
H23¢ 0.817 -0.055 0334 5.0
H23a 0.896 <0.024 0.630 50
H23b 0.842 0.099 0.393 5.0
H24c 0913 <0.115 0.085 50
H24a 0.942 -0.159 0.303 350
H24b 0.862 -0.187 0.234 50
H25¢ 0.967 0.137 0.182 5.0
H2Sb 0922 0.230 0.326 30
H2S5a 0976 0.119 0419 5.0

refined atoms sre given in the form of the isotropic equivalent displacement parameter

*Anisotropically
. defined as: (4/3)(a’B,, + VB, + ¢*B,, + ab(cos 7)B,, + ac(cos )B,, + be(cos @)By)
“Hydrogen atoms weve refined isotropically.
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TableIX. Bond Distances (A) and Bond Angles (°) for 2-(Trimethylsilylethynyl)-4-nitro-
N.N-dimethylanitine

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance Atom 1 Atom 2  Distance

Si c2
Si c23
Si Ccu4
Si c2s
o1 N4
02 N4
o] H3
C11 H11b
C12 HI»
€23 H2c
C4 H4c
C25 H25c

Atom] Atom2 Atom3

C22
cu2
22
C23
C23
C24
Ci
C1
Ci1
o1
o1
02
N1
Q
C4
C1
N1
N1
H11b
N1
Ni
H12b
Si

Si
H23c
Si

Si
H24c
Si

Si
H25¢

1.819(6) N4 C4 1.455(7) N1} C12 1.447(7)
1.832(8) C1 Q 1.426(7) 1 c2 1.195(7)
1.72Q2) C1 Cs 1.396(8) N1 Ci1 1.47107)
1.77Q1) Q a 1.387(D) (o] C6 1.371(8)
1.227(6) Q2 Lo} ] 1.425(D) N1 C1 1.368(7)
1.215(6) aQ c4 1.373(7) c4 Cs 1.385(7)
1.000(7) Cs HS 0.999(6) C6 H6 1.000(7)
1.04(1) Cll1 BHllc 1.041(7) Ci1 Hlla 1.039(6)
1.040(6) C12 Hlx 1.040(8) C12 Hl2a 1.040(7)
1.040(7) C23 H23a 1.039(7) 23 H23b 1.041(6)
1.039(6) C24 Ha 1.039(6) C4 H24b 1.040(6)
1.039(6) C25 H25b 1.041(6) C25 H25a 1.039(6)
Angle  Atom1 Atom2 Atom3 _ Angle

Si c23 109.44) N1 i C6 119.7(5)

Si C24 110.4(4) 90 Ci Cé6 118.1(5)

Si C25 110.14) C1 o7 o} 118.9(4)

Si CH4 107.5(5) C1 Lov) (ov] ] 124.2(4)

Si C2s 105.2(5) Loc} Q2 C21 116.5(4)

Si C25 114.1(5) {or] o¢ C4 121.04)

N1 Ci11 119.6(4) N4 C4 C3 119.74)

N1 C12 123.84) N4 C4 Cs 119.4(4)

N1 C12 113.84) Loc ] Cc4 Cs 120.8(5)

N4 02 123.4(5) (o) Cs C6 119.1(5)

N4 C4 118.0(4) Ci Cé6 [ ] 122.0(5)

N4 C4 118.6(4) Lov) Q21 2 175.0(5)

Cl1 Q 122.14) Si c2 (or] ] 173.0(6)

{oc} H3 120.0(4) C4 a3 H3 119.0(4)

Cs HS 119.7(4) C6 Cs HS 121.2(4)

6 H6 119.0(4) Ccs (e ] H6 119.1(5)

Cil1 H1lb 108.9(5) N1 Ci1 Hilc 110.0(4)

C11 Hila 109.5(4) HI11b C11 Hllc 109.5(4)

(o} Hila 109.54) Hllc Cl1 Hlla 109.5(4)

C12 HI12b 110.3(5) N1 C12 Hi2c 108.6(4)

Ci12 H12a 109.54) H12b C12 Hl2c 109.5(5)

Cc12 Hi2a 109.34) Hi2c C12 Hi2a 109.5(4)

c H23c 110.3(4) Si 3 H23a 110.6¢4)

3 H23b 107.74) H23c 2 H23a 109.4(4)

C23 H23b 109.6(5) H23a 23 H23b 109.5(4)

Cu4 Hc 107.6(4) Si C4 H24a 111.2(5)

cu H24b 109.6(4) H24c cu H24a 109.5(4)

(or/ ) H24b 109.5(5) HXa Cu4 H24b 109.4(4)

C25 H25¢ 110.2(4) Si Q25 H25b 108.6(4)

C25 H25a 109.6(4) H25¢ C25 H25b 109.4(4)

C2s H25a 109.5(4) H25b 25 H25a 109.5(4)




Table X.

Summary of Close Interactions
Interaction €0
1
C10 - H10 - O1 3446 A
C1S - H15¢ - O1 3.744
C1S - H15¢ — 02 3488 A
C1S - H15a - 02 3284 A
2
C1l - H11 - 02 3sa2 i
C12 - H12 - 02 3419 A
C13 - H13 - 02 3316
C3 -H3 - Ol 3535 A
C10 - H10 - O1 3633 A
3
C11.H11 - 01 345 A
C1S$ - H15¢ — O1 3.604 A
C17 - H1™ - 02 3.640 A
C1S - H15a - O1 3823 A
C1S - H15b — O1 3823 A
C17 - H17a - 02 3702 A
C1S$ - H1%a - 02 3709 A
C11 - H11 - 02 3884 A
4
C3-H3~ 02 3.446 A
C12 - H12b — O1 3.646 A
C12 - H12b ~ 02 36704
CL2 - H12s ~ 02 359 4
C12 - H12¢ ~- O1 3.685 A
C12 - H12¢ ~- 02 4128 A
C13 - H13c - 01 3445 A

150.47 ¢
16022 ¢
133.12 ¢
111.09 °

15439 ¢
117.90 *
125.00 *
12092 °©
12804 ©

14348 ¢
14761 *
13885 ¢
11790 °
106.02 ©
143.51 ©
13740 °
17138 °

15421 °
167.02 *
14507 ¢
133.73 ¢
119.54 ©
15720 ©
104.45 °

H--0

2.601 A
2.788 A
2.69% A
2818 A

26524
2.861 A
26704
2939 A
2988 A

2641 4
2.765 A
2739 A
3284 A
3450 A
2.895 A
2935 A
2935 A

2622 A
2765 A
2.79% A
3061 A
3151 A
3.035 A
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- Figure 2.

Figure 4.

Figure S.

Figure 6.

Figure 9.

Figure 10.

Figure 11.

Figure 12,
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CAPTIONS FOR ILLUSTRATIONS

Molecular structure of 2-{2-(N,N-Dimethylamino)-S-nitrophenyljbenzothiazole
(1). Hydrogen atoms have been removed for clarity.

Stereoview of the unit cell for 2-[2-(N,N-Dimethylamino)-5-nitrophenylJbenzo-
thiazole (1) looking down the ¢ axis.

Molecular structure of 2-[2-(N-Methylamino)-S-nitrophenyljbenzothiazole (2).
Hydrogen atoms have been omitted for clarity, except for the hydrogen atom
involved in the intemal hydrogen bond.

Stereoview of the unit cell for 2-[2-(N-Methylamino)-5-nitrophenyljbenzo-
thiazole (2) with the unit cell axes labeled.

Molecular structure of 2-[2-(N,N-Diethylamino)-5-nitrophenyl}benzothiazole (3).

Hydrogen atoms are removed for clarity.

Stereoview of the unit cell for 2-{2-(N,N-Diethylamino)-5-nitrophenyl]benzo-
thiazole (3) viewed down the ¢ axis of the unit cell.

Molecular structure of 2-(Trimethylsilylethynyl)-4-nitro-N,N-dimethylaniline (4).

Hydrogen atoms are removed for clarity.

Stereoview of the unit cell for 2-(Trimethylsilylethynyl)-4-nitro-N,N-dimethyl-
aniline (4) looking down the b axis of the unit cell.

Close (C)-H---O interactions for 2-[2-(N,N-Dimethylamino)-S-nitrophenyl}-
benzothiazole (1).

Close (C)-H---O interactions for 2-[2-(N-Methylamino)-S-nitrophenyl]benzo-
thiazole (2).

Close (C)-H---O interactions for 2-{2-(N,N-Diethylamino)-S-nitrophenyljbenzo-
thiazole (3).

Close (C)-H---O interactions for 2-(Trimethylsilylethynyl)-4-nitro-N,N-dimethy)-
aniline (4).
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C10- H10 - O1
C15 - H15¢ - Ol
C15 - Hi5¢c - 02
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Appendix A.  Genenal Displacement Parameter Expressions, U’s, for
2-[2-(N N-dimethylamino)-S-nitrophenyl]-benzothiazole

Name U(L1) U(22) U@33) U(1.2) u@a3) U3
S1 0.0615(3) 0.0758(4) 0.0411(2) -0.0176(3) -0.0079(2) 0.0061(3)
o1 0.087(1) 0.085(1) 0.0741) -0.0086(9) -0.0241(8)  -0.0242(9)
02 0.084(1) 0.11(1) 0.0440(8) -0.004(1)  -0.0106(8) 0.0050(9)
N2 0.0543(9) 0.070(1) 0.0501(9) 0.0104(9) -0.0072(8) -0.0177(9)
N3 0.0526(9) 0.067(1) 0.0382(8) -0.0045(9) ©0.0000(7) 0.0099(8)
N1 0.0564(9) 0.0470(9) 0.0483(9) 0.0012(8) -0.0068(8) 0.0043(8)
c2 0.0455(9) 0.058(1) 0.0389(9) -0.001(1) 0.0031(8) 0.0015(9)
C1 0.0385(9)  0.046(1) 0.0377(8) 0.0041(8) 0.0032(7)  -0.0027(8)
Cé6 0.0454(9)  0.049(1) 0.0379(8) 0.0068(9)  0.0023(8) 0.0006(9)
Cs 0.0443(9)  0.055(1) 0.0408(9) 0.0069(9) -0.0004(8) -0.0103(9)
C4 0.063(1) 0.065(1) 0.061(1) -0.018(1)  -0.004(1) <0.005(1)
Cc3 0.074(1) 0.076(1) 0.054(1)  -0.027(1)  -0.002(1) 0.012(1)
Cl4  0.137Q2) 0.181(3) 0.086(2) 0.102(2)  -0.042(2) <0.036(2)
C1s  0.079(2) 0.125(2) 0.050(1) 0.022(2) -0.007(1) -0.019(1)
c1 0.0428(9)  0.046(1) 0.0363(8) 0.0050(9) 0.0013(7)  -0.0001(8)
9 0.052(1) 0.042(1) 0.055(1) 0.003(1) 0.0033(9)  -0.0007(9)
C10  0.080(2) 0.053(1) 0.075(1) -0.002(1)  -0.002(1) 0.009(1)
C11 0.081(2) 0.049(1) 0.108(2) -0.010(1) 0.012(1) 0.003(1)
Cl12  0.063(1) 0.061(1) 0.094(2) -0.009(1) 0.005(1) <0.020(1)
C13  0.056(1) 0.072(1) 0.066(1)  -0.009(1) 0.001(1) -0.014(1)
C8 0.046(1) 0.056(1) 0.050(1)  -0.001(1) 0.0050(9)  -0.007(1)
The form of the ic displacement parameter is:

expl-2p(h’a’U,, + KbV, + FcU,; + 2hkabU, , + 2hlacU, , + 2kibcU, 41
where a,b, and ¢ are reciprocal lattice constants.




Appendix B. General Displacement Parameter Expressions, U’s, for
2-{2-(N-methylamino)-S-nitrophenyljbenzothiazole
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Name UG _ UR2) _UG3 __ U12) U13) uEed)
S1  00301(2) 00273(2) 0050%3) 0.0064(2) 0.0051(2)  -0.0048(2)
O1  00361) 00651) 0.119%2) 000329 002%1)  -0.013(1)
02  00%0(1) 004%(1) 0.1202) 00113(8) 00231)  -0.024(1)
N2 00341) 0047(1) 00652  0.00959) 00131)  -0.002(1)
N3 003&1) 00270(9) 0057(1) 0.0072(7) 0.003(1)  -0.0068(9)
NI 003059) 002739) 004%(1)  00069(7) 000529 -0.0012(9)
C2  003X1) 00281) 0033(1) 00080(8) -0.000(1)  0.00i(1)
C1  00281) 00261) 00361) 0005%(8) -0.000(1)  0.000(1)
C6  0033(1) 0027(1) 0041(1)  00065(8) 0001(1)  -0.000(1)
€5  0029(1) 0.037(1)  003%1) 000889 00031  0.001(1)
C4  0031(1)  0.038(1) 0.0442) 00021)  0.0021)  0.001(1)
C3  0037%(1)  0028(1) 0.046(2) 000379 -0.000(1)  -0.000(1)
Cl4  00S1(1)  0031(1) 00562) 00141)  0003(1)  -0.007(1)
C7  0031(1)  002639) 0.03X1) 00080(8) 0.000(1)  -0.0000(0)
€9  0.029(1) 0031(1) 0.0401)  0.008X8) 0.001)  0.001(1)
C10  00361) 004%1) 00552) 00133(9) 0.0081)  -0.001(1)
Cl1  00321) 0051(1) 00622) 001%1)  0.0081)  0.000(1)
C12  0.028(1) 0.044(1) 00692) -000I(1) -0.000(1)  0.003(1)
C13  00341)  0032(1) 00562) 000%1)  0000(1)  -0.001(1)
C8  0026(1) 0.0331) 0041(1) 00066(8) 0.003(1)  0.001(1)

The form of the anisotropic displacement parameter is:
expl-2p*(h*a’U; ; + KH*U,, + Fc?U,; + 2hkabU, , + 2hlacU, , + 2kibcU,,})
«~here a,b, and ¢ are reciprocal lattice constants,

P




Appendix C. General Displacement Parameter Expressions, U's, for

2-{2-(N,N-diethylamino)-S-nitropheayl]benzothiazole

Preprint 2

Name UQD _UE2) UGH U0 U1 _ UCY
S1 0.0620(3) 0.0360(3) 0.0268(2) -0.0075(3) 0.0112(2) -0.0007(2)
01 0.092(1) 0.062(1) 0.055(1) -0.01%(1) 0.016(1) -0.0273(9)
02 0.098(1) 0.068(1) 0.0355(8)  0.003(1) 0.0153(9)  -0.0068(9)
N1 0.046(1) 0.037(1) 0.0302(7) -0.0004(8) 0.0101(7) 0.0010(8)
N2 0.052(1) 0.04%(1) 0.0384(9) 0.004(1) 0.0084(8)  -0.0147(9)
N3 0.0412(9) 0.040(1) 0.0271(7) -0.0012(8) 0.0074(7)  0.0017(7)
C1 0.036(1) 0.034(1) 0.0293(8) 0.0006(9) 0.0093(7)  -0.0008(8)
C2 0.036(1) 0.035(1) 0.0290(8) -0.0010(9) 0.0096(7)  -0.0015(8)
C3 0.059(1) 0.040(1) 0.042(1)  -0.009(1) 0.0182(9) -0.003(1)
C4 0.054(1) 0.042(1) 0.046(1)  -0.012(1) 0.017(1) <0.011(1)
Cs 0.038(1) 0.043(1) 0.0323(9) 0.002(1) 0.0058(8)  -0.0096(9)
Cc6 0.040(1) 0.038(1) 0.0312(9) 0.0015(9) 0.0086(8)  -0.0025(8)
<7 0.035(1) 0.036(1) 0.0253(8) 0.0007(9)  0.0080(7) 0.0003(8)
Cs8 0.044(1) 0.034(1) 0.0345(9) -0.0004(9) 0.0138(8) 0.0011(9)
& 0.038(1) 0.037(1) 0.0345(9) 0.0017(9) 0.0124(8) 0.0018(9)
C10 0.058(1) 0.046(1) 0.040(1)  -0.002(1) 0.0187(9) 0.009(1)
Ci1  0.066(1) 0.042(1) 0.059(1) 0.000(1) 0.029(1) 0.012(1)
C12  0.064(1) 0.036(1) 0.063(1)  -0.007(1) 0.030(1) <0.002(1)
Ci3  0.070(1) 0.041(1) 0.044(1)  -0.008(1) 0.023(1) -0.004(1)
Cil4  0.041(1) 0.047(1) 0.045(1)  -0.000(1) 0.004(1) 0.003(1)
Ci5  0.063(2) 0.060(2) 0.064(2) 0.004(1) 0.014(1) 0.011(1)
Cié6  0.057Q1) 0.051(1) 0.0314(9) -0.003(1) 0.0140(9) 0.002(1)
C17  0.054(1) 0.104(3) 0.050(1)  -0.001(2) 0.024(1) <0.004(2)

The form of the anisotropic displacement parameter is:

exp[-Zp’(h’l’Ul., + ﬁ’(’a + l ”,, + thlqu + ZhIACUu+ mu’,"]
where a,b, and ¢ are reciprocal lattice constants.




Appendix D.  General Displacement Parameter Expressions, U’s, for
2-(Trimethylsilylethynyl)-4-nitro-N,N-dimethylaniline

Name U(,1) U22) U@33) U(1.2) uQ
§i 0.0575(9)  0.084(1) 0.102(1) 0.0159(9) -0.0179(9)
01 0.101(3) 0.057(2) 0.1133) 0.005(2)  -0.006(3)
02 0.094(3) 0.076(3) 0.119(3) 0.036(2) -0.011(3)
N1 0.065(3) 0.054(3) 0.066(3) -0.007(2) 0.007(2)
N4 0.079(3) 0.064(3) 0.062(3) 0.016(2) 0.004(3)
Cl1 0.050(3) 0.057(3) 0.040(3)  -0.003(2) 0.001(2)
C2 0.043(3) 0.054(3) 0.040(3) 0.001(2) 0.004(2)
oK) 0.053(3) 0.052(3) 0.041(3)  -0.001(2) 0.001(2)
C4 0.055(3) 0.056(3) 0.043(3) 0.009%(3) 0.006(2)
Cs 0.051(3) 0.076(4) 0.048(3) 0.013(3)  -0.005(2)
Cé 0.050(3) 0.06%(3) 0.051(3) -0.004(3) -0.005(2)
Ci1  0.088(4) 0.062(4) 0.096(5)  -0.024(3) 0.012(4)
C12 0.077(4) 0.055(4) 0.111(5) 0.010(3) 0.003(4)
C21  0.051(3) 0.050(3) 0.055(3)  -0.002(2) 0.000(2)
C22  0.055(3) 0.065(3) 0.071(4) 0.005(3)  -0.005(3)
C23  0.161(8) 0.22(1) 0.11%(7) 0.064(7)  -0.008(6)
C4  0.285(8) 0.28%9) 0.30(1) 0.220(6) -0.182(7)
C25 0.136(8) 0.26(1) 0.30(1) -0.0598) -0.111(7)

The form of the anisotropic displacement parameter is:

expl-2p*(h*a’U, + KbV, + Fc?U,, + 2hkabU, ; + 2hlacU,, + 2kibcU,,)]

where a b, and c are reciprocal lattice constants.
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U

0.004(1)
<0.002(2)
0.009(2)
<0.003(2)
0.004(2)
0.004(2)
0.005(2)
0.002(2)
0.004(2)
0.002(3)
<0.001(3)
<0.011(3)
<0.012(3)
<0.002(2)
<0.007(3)
0.045(6)
<0.163(8)
0.128(9)
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ABSTRACT
Semiempirical AM1 calculations are pressnted for the second hyperpolarizabilities, 7, of

i poly-p-phenylens and potythiophene oligomers. Calculated results are compared with

experimental degenerate four wave mixing results and static field estimates from these
experimental results. The reiative calculated values are shown 1o agree quite well with the
experimental values whan the latter are corrected for dispersion effects.
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introduction

Many recent studies of non-iinear optical properties have shown that systems with
elsctrons capable of delocalization over a large distance, such as polyacteylenss and
polyphenylenss, exhib large second hyperpolarizabilties (1) (also referred to as third-order
hyperpolarizabiities or third-order microscopic optical nonlinearities).’ The question arises as to
what is the dependence ofy on chain length, or the number of repeat units, in an oligomeric series.
The purpose of this paper Is 10 compare experimental and calculated results for poly-p-phenylene
and all trans polythiophene cligomers of various lengths. This comparison is usually complicated
by the fact that most measurements are made at iaser fraquencies (Le. dynamic or time-dependent
Mds).chcMmmhgmmdelpwmmwymmﬂc(ﬁmo
independent) hyperpolarizabilities. f this fact is allowsd for however, the applicability of
semiempirical based FF calculations in providing fast, accurate estimates of static
hyperpolarizabiities will be demonstrated.

An FF method has been implemanted in the MOPAC program? and is used in this work to
. calculate the hyperpolarizabilities. This method is based on the following expressions for the
energy and dipole moment of a moleculs interacting with an electric field

E(F) = E(O) -4°F; - (1/2)) o5FiF}- (1/31) BikFiFFi - (1/4) TgaFiFificFr -~ ()
piep® + agFj + (1/2) PyFiFic + (1/6) TyFiFufi + - @

where the Einstein convention of summed repeated indices has been used, 4 ° is the permanent
dlpolcmwc*p“.wqwmmdmammwwlndmﬁm

and second hyperpolarizabiities, respectively, of the molscule.® The detals of the FF method and
is implementation in the MOPAC pfognmhlv.bnnglvonduwhm.‘
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Poly-p-phenyliene Oligomers
The orisntational average of they tensor, which is defined in terms of ks components as

<1> = (1/5){1000 + Tyyyy * Tzzzz + 2610yy *+ Tz *+ Ty} - @

was calculated for the planar conformation of poly-p-phenylene oligomers, H(CgHg)nH. The
shorter oligomers might depart somewhat from planarkty In the Gas phase, but the present
approach is considered to be adequate 10 compare our caiculations against experimental values
obtained in solution.

Table 1 shows the calculated results for <7> using an AM1 hamiltonian® and the
experimental results by Zhao et al.! (abeled Exp). The experimental technique used was
degeserate four wave mixing (DFWM), which yields 4 (w; w, w, w). It Is wall known that frequency
dispersion effects can greatly influence the <7 > values, rendering & larger than the static limit.
This is also complicated by the fact that different experiments have different dispersion effects. For
example, the dc electric field induced second-harmonic (EFISH) generation technique gives (-2;
w,w, 0). Zhao eral.! have estimated the effect of dispersion in DFWM, under the assumption that
most of the nonlingarity of a delocalized s cloud comes from the lowest excited state, by the

Jormula
900) = [ wo? -wd)* pg®) 10) )

where 7 (0) and7 () are the static and frequency dependent values, respactively. Alsowg =
2rc/Amax andw = 2rc/A with ¢ the veloclty of light and ) the wavelength at which the DFWM
experiment was performed. The experimental results were thus corrected using eq. 4 and the
resuits are also shown in Table 1 in the column labeled Exp-corr. 1t can be seen that the
sgreement between the estimated static experimental values and the calculated AM1 values Is now
very reasonable, given the approximations involved. The experimental values listed for n=5 are
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with oxydecyl groups (OCgHz4) para-disubstituted to one ancther on the central ring. These
groups are necessary for solublity but also make comparisons with this data unreliable. The
~ values of 7 could be modified by ether geometrical changes in the aligomer or shifts in the
 absorption spectrum. The UV spectra of Zhao et al.! indicate that A gy for n=5 does not tal
along the curve generated by ne1 to 4. Both of thess effects could be quite substantial.

Equation 4 probably oversstimates somewhat the correction due to the dispersion effect
mwmwm:mwwammmmhw
treatment ! It can be saen in Figure 1 however, that there is indesd an improvement of the
agreement between calcuated and expsrimental values after including the eg. 4 comection for
dispersion.

The largest discrepancy is observed for benzens tself. However, <7 > reported from an
EFISH measurement on benzene ( = 1.06 um) is 14.04x10" ¢5u®, Without any correction this
result comes cioser to our calculated value, indicating the differsnce in experimental dispersion
effects mentioned above. in any case, our pradicted valus for benzene is undoubtedly below the
experimental results from whatever source. Our calculated components of the tensor can be
compared with those reported by Perrin et al.”, obtained using ab initio methods at both the SCF
level and including correlation in the MP2 approximation. With a 4-31G basis sugmented on
carbon with a diffuse p and d function of exponent 0.05, the <y > value is 7.68x10~0 esu at the
SCF level and 10.25x10°36 esu at the MP2 fevel. The most important conclusion s that their 7272,
vaiue (perpendicular 10 the rings) is about 89% of the 7y Value (slong the oligomer axis), while
the semiempirical results give only 1.2% for the same ratio. A simiar underestimation of the same
Jz272 Component has been observed for polyacetylens oligomers® One raason for that must lis
in the lack of flexibility of the small basis set implick in these semi-empirical calculations, causing
. them 1o strongly underestimating the component of the -y tensor associated with the direction
perpendicular 1o the ring. However, a3 the length of the chain grows, 7,000 Orows faster than
%2222 81 eventually dominates the value of <7 > lessening the significance of the discrepancy.
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Polythiophene Oligomers

: Experimental data are aiso avalable for the thiophene oligomers.! Hers again the
disagresment between calculsted and experimental values increases rapidly with the number of
fepeat units, a3 was pointed out by Goldfarb et aL¥ The differences here are sven more
pronounced than in the previous p-phenylene case and the values of 7 are larger. Thers are

. several passibie conformations for thiophene oligomers and, for reasons discussed in detal by
Goldtarb et a/.9, calculations in this work are restrictad to the *all trans® form in which the Intra-unit
§-C-C-S dihedral angle Is 180.0, Table 2 shows the AM1 caiculated values', the experimental
DFWM results! and experimental-corected values using equation 4. The experimental-corrected
estimate of the static hyperpolarizabiity again shows a graatly improved agreement with the
semismpirical results. Also the growth as a function of n no longer has the sssentially sxponential
growth of the experimental <7 (v)> values, as can be clearly seen in Figure 2. The remaining
discrepancy can probably be explained in a similar manner to the p-phenylene oligomers case,
and can thus not be corrected within this approach, without increasing the basis size.

Conclusions

The results of this study indicate that the semiempirical calculation of second
. hyperpolarizabilities developed within the MOPAC program is indeed capabie of obtaining
reasonable estimates for these systems. Even more importantly, this study demonstrates the
importance of accounting for frequency dependencs in calculating hyperpolarizablities. These
effacts are shown to be very large in some cases and are aimost cartainly larger than correlation
errors in the calculated static valuss. 1t should be bom in mind that our semiempirical calculations
are about four orders of magnitude faster than ab inltio calculations with medium-sized basis sets
and incorporating correlation at the MP2 level, which s the minimum level of ab inltio theory
necessary to improve agreement with experimental results in a significant way.

A study of the energetics, structure, and hyperpolarizabilties of other conformations of

small thiophene oligomers and related cyclic-diene systems s underway.
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Tabls 1: Second Hyperpolarizabiities <7> for poly-p-phenylens oligomers.®

Numberof - AMI pwrmbc DWFM
Subunits ~(0) 1(w) est 7(0)
1 0.7 384 26
2 162 174.0 8.3
3 774 5100 198.8
4 197.2
5 3673 1260.09 2973
6 £735
7 804.5
2 nits are 106 esu.

DExperimental values from Ref. 1 have been muttiplied by 6 1o make their series
gxpansion consistent with our eq. 1.

CThe value of N=4 was not reported in Ret. 1.

9.0C1gHa1 derivative

Table 2. Second Hyperpolarizabilties <7 > for polythiophene oligomers.2

Number of AM1 DWFMP DWFM
Subunits 7(0) 7(w) est.7(0)
1 1 25 13
2 22 138 43
3 103 960 184
4 284 4800 539
3 544 15600 1246
¢ 831 '
3inits are 106 esu.
bexperimental vaiues from Ret. 1 have been muttiplied by & to make their serles
expansion consistent with our eq. 1.
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Figurs Captions

Figure 1: Second rpolarizabiity versus number of units for poly-p-phenylens oligomers. The
muzgm'bw%mmmmawwmwwm'bm

same result corrected for dispersion using equation 4.

Figurs 2 Second Hyparpolarizablity versus number of units for polythiophene oligomers. The
curve labeled *Exp" is the DFWM result from ref 1 and the one label *Corr-Exp° is the
same result corrected for dispersion using equation 4.
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ABSTRACT

The studies reported here are part of an effort 1o understand the electronic structure and
statistical properties of quasi-particles in polymeric materials. These are solitons, antisolitons,
polarons, and bipolarons, and in one way or another each of them is known fo play a role in the
conduction of electric current in those materials. We have used pristine and doped polyacetylene
as our example to study the geometrical and electronic distortions associated with quasi-particles
in oligomers and infinite polymers. The computationa!l approach has been based on the semi-
empirical self-consistent LCAO-MO theory at the AM1 level of approximation for finite systems and
the corresponding LCAO-CO theory in the tight binding approximation for infinite systems.

INTRODUCTION

Although conducting polymers in general and polyacetylene in particular have received much
attention in recent years, there are comparatively few first-principles theoretical caicutations aimed
at understanding the electronic structure ol quasi-particles. Most of the caiculations performed
have used the Su, Schrieffer, and Heeger (SSH) hamiltonian [1). This work was indeed a very
important stepping stone, mainly because it showed that the sofiton model of polyacetylene could
be used to explain a number of properties of this material; optical, electrical, and magnetic. No
other model can claim such an accomplishment. This success prompted other work and different
extensions and modifications of the SSH hamiltonian, too numerous to quote. Most notably
however, H. Fukutome has very recently performed a very complete study of a Pariser-Parr-Pople
(PPP) unrestricted Hartree-Fock (UHF) model of polyacetylene [2]. The SSH approach however,
is stiil too crude for the kind of accuracy that is needed since it is basically a Huckel-type
approximation with sigma bond compressibility and electron-electron Coulomb interactions are
completely neglected. Moreover, the SSH model does not have an analytical solution and needs
& number of empirical parameters specific to polyacetylene (or the particular polymer under study)
in order to be able to make some quantitative predictions.

On the other hand, a few self-consistent LCAO-MO calculations have been performed on finite
oligomers of polyacetylene, both semi-empirical [3] and ab initio [4]. The excellent agreement that
we report below between one of our semi-empirical calculations and the ab initio result reported in
ref. 4, convinced us that the SCF-LCAO-MO semi-smpirical theory is completely adequate for the
purpose of a systematic study of the electronic structure associated with quasi-particles. This
methodology Is stifl first-principles based and although there are indeed parameters incorporated
into the theory, these are atomic in nature. Therefore, the same theory with the same parameters
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can be used 1o study any molecule or infinite polymer without the need for information about the
specific system.

We can mention here the only calculation of the Infinite polymer of which we are aware; that of
Stafstrom and Bredas [5), who used the Valence Electron Hamiltonian (VEH) method to study the
band structure at various doping levels. : )

Many fundamental aspects of the electronic and structural properties of the conduct:ng
polymers (in particular the highly conducting ones) are not well established, and at this time
theoretical understanding lags behind the rapid experimental developments. in what {ollows we
expect to contribute information that will ultimately prove useful for a thorough undersianding of
the mechanisms of conductivity in polymers.

METHOD

The theoretical method used for the calculations was the semi-empirical SCF-MO theory at the
- AM1 level! of approximation [6) as implemented in the MOPAC 5.0 program (QCPE #455). The
AM1 hami*anian has been shown o correct for some deficiencies present in the older MNDO
hamilionia:. The geometries of all the systems studies were fully optimized with due
allowance for the symmetry constraints in each case. Convergence of the calculation was difficult
in some of the examples, especially for doublet and triplet states. In each case the optimization
was very carefully performed by running a first step with the keyword PRECISE (thus increasing
the criteria for terminating all optimizations, electronic and geometric by a factor of 100). In
subsequent runs, the gradient was decreased even further by using the SIGMA method due to
Komornicki and Mciver [7] while at the same time making the criterion for self-consistent
« convergence even stricter (using the keyword SCFCRT = 10-10 or SCFCRT = 10-11). In this way
the gradient norm was usually reduced to less than 1 (in kcaVA or kcal/degree) even when more
‘than seventy geometrical variables were simultaneously optimized. For infinite systems we used
the “cluster approximation® developed by Stewart [8] (the name is misleading because Born-von
Karman cylic boundary conditions are actually used; it is thus an approximation to a full crystal
©orbital (CO) calculaticn). This approach is known 1o be an excellent approximation to the tull CO
result when the unit coll used is large enough 1o ensure that atoms at one end of the repeat unit
have a negligible density matrix element with atoms at the other end. Since the repeat units we
used are almost 27A long, this condition is very rigorously met even in the examples studied,
where there is an extended x system. However, in at least one example (see below) the full CO
Caiculation was performed as a check (using the MOSOL program, QCPE #495), thus verifying
that the results were the same 1o four significant digits for the optimized geometrical variables,
heats of formation and degrees of bonding. Obtaining the band structure however, requires the
full solid state calculation involving sampling of the Brllouin zone using a regular mesh. The
advantage of the approximation is of course that it takes 1/5 to 1110 of the CPU time required by
the full CO calculation. .

We mimicked the effect of a dopant in the repeat unit by using the “sparkles” provided in the
MOPAC program. These are uncharged species which immediately ionizes the polymer. They
can be regarded as unpolarizable ions of diameter 1.4A. We used an acceptor dopant in the
polaron calculations; the effect of the sparkie being that a net positive charge Is left in the x

. system.

The degrees of bonding were caiculated from the density matrix using the definitions given by
Medrano et al [8], for molecular and infinite polymers as well. These are known 10 be an accurate
measure of the integrated electron density associated with a bond, and have the important
advantage that the same basic formalism (based on the first-order reduced density operator) Is
used both for molecules and infinite polymers. In the cases we studied, the degrees of bonding
give a much better description of the bond altemnation (or lack of it) than the bond lengths, since
the former are more directly associated with the electronic structure.

For aimost all the exampies, we caried out calculations both at the open-shell restricted Hartree-
Fock (ROHF) and unrestricted Hartree-Fock (UHF) lev '3 of the theory. The ditferences between

both descriptions is discussed below. .
DESCRIPTION OF THE SYSTEMS STUDIED

As siready stated, it was our purpose 0 study the electronic structure of Quasi-particies such as
soltons, polarons, efc. A static neutral soliton (S) can be considered the same as a radical. The
etiect of the sofiton on the geometrical structure is 10 flip the bond alternation from one to the
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CHARGE and SPIN RELATIONSHIPS OF
o QUASI - PARTICLES

Charge Spin

Nceutral Soliton (S) 0 12
Charged Soliton (S*) or (5°) 1 0

Soliton - Antisoliton Pair (S§) 0 0,11
Polaron (P*) or (P°) 1 2
Bipolaron (5P*) or (bP—) 2 0

other of the two degenerate phases in the material. A soliton can be positively charged
(carbenium ion) or negatively charged (carbanion). The three situations are depicted in Fig. 1.
These schemes in Fig.1 should not be taken oo strictly however, since they do not show the
essentially delocalized nature of the quasi-particies, but are intended to allow easy electron
counting. Now, solifons are known to be topological particles. Therefore, in infinite systems they
are always created in pairs, called soliton-antisoliton pairs (SS°) (This can also be seen as arising
from stability conditions.) Any of the two members of the pair will cancel the effect of the other
member next to it, so to left and right of the pair the bond alternation will be the same (cf Fig. 2)..
What happens in between, and how that depends on the distance between soliton and
antisoliton, can only be determined by calculation and will be discussed below. One such pair can
aiso be regarded as a (singlet or triplet) biradical.

One electron can be removed from or added 10 a region of the material where a soliton-
antisoliton pair has been created, giving rise 1o a positive or negative polaron respectively (P* or
P~ ). (They can aiso be regarded as a radical cation or radical anion respectively in mg staﬁcgcase.)
Removal or addition of two electrons resutts in a positive or negative bipolaron (bP*or bP*) or a
dication or dianion respectively. Figure 3 attempts to give a graphical representation of polarons
and bipolarons, while at the same time emphasizing the delocalized nature of the particles. Again,
both at right and left of a polaron or bipolaron, the bond alternation is the same; i.e. we have either
phase A or phase B at both sides of the quasi-particie in a polyacetylene chain (c!. Fig 3). Once
again the detailed geometrical and electronic structure can only be determined by caiculation.

These particles have very unusual relations of charge-spin, in most cases at variance with
elementary particies such as protons and electrons. Tabie 1 gives & summary of the charge and
spin associated with sofitons, sofiton-antisoliton pairs, polarons, and bipolarons. ‘

The actual systems we used as case studies are: () The polyacetylene oligomer chain CaHz3
for studying the isolated soliton and the repeat unit C2oHz2 for studying the (SS°) pair in an infinite
system. We used the same repeat unit to study the polaron P* created from the (SS°) by
including an acceptor “sparkie” in the caiculation. These systems are depicted in Figure 4.

RESULTS AND DISCUSSION
1. Solitons

o We fully optimized the geometry of the Co1Hzg ofigomer with & neutral solton at the central ‘
carbon atom, under C2,, symmetry as described above. The ground state of the system is of
course a doubiet, and we performed the caiculation both at the UHF and ROHF level of theory.
The UHF result gives no bond length alternation and no degree of bonding altemation, except
close 1o the ends of the chain, due 10 the terminal effects. Close to the sofiton site, all bond
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Figure 5
Bond length alternation In A In neutral
and positive solitons in C21H23 oligomer
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Figure 6

Degree of bonding alternation in neutral
and positive solitons in C21H23 oligomer
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fengths are 1.40A and all degrees of bonding are 1.33. Now, the UHF wavetunction jsnot an  Preprint 4

sigentunction of the operator that represents the spin squared, 52. The theoretical value for this
case is S2 = 0.75. The UHF resultis 52 = 3.86, Le. there is a very larpe spin contamination. This is
gxabtydunobwlylnoududum:olhigh«mmmw such as quartet, sextet, etc.

se excited states probably have no bond length alternation. in any case this leve! of spin
"contamination indicates that the UHF wavefunction is not & sufficiently accurate representation of
-the doublet. it appears the UHF description exaggerates the opsning of the shells due %o the
magnetic interactions that originates in the unpaired spin. On the other hand, because of the way
& is obtained, in the ROHF wavefunction, only the singly occupied orbital contributes to the spin
density wave away from the soliton, which is unrealistic. So neither type of wavefunction can give
&n accurate description of all the properties of interest, when the number of a and B spins is not
the same. It will probably be necessary 10 resort to some method for incorporating correlation to
improve over both the UHF and ROHF descriptions. Some preliminary calculations along that
direction have aiready been carried away in our laboratory at the MP2 level, and they confirm, as
expected, the above discussion. As rsgurds the bond lengths and degrees of bonding
. Qltemation, the ROHF calculation pives quite accurate resulls. At the same time the agreement
between those fragment-based approximate ab initio calculations [10] and ours, lends additional
credibility to the semi-empirical approach in these situations.

Therefore, we used the ROHF/AM1 calculations hereatter, which is of course the same as
closed-shell RHF/AM1 in the cases where there is the same number of a and B spins.

Figure 5 shows the difference in adjacent bond lengths Ar, plotied against carbon site distance

from the soliton, for both the neutral and the positively charged quasi-particies. Only the right half

_of the molecule is included in the plot, since the other half can be derived by symmetry. Ar=0
. implies no bond atternation, and this happens precisely at the sofiton center.

The plot in Figure 5 aiso shows a horizontal line drawn at the value of Ar~= 0.095 A
corresponding to infinite polyacetylene, as obtained through a full CO calculatien with the
MOSOL program. This value is in very good agreement with the experimental result of
A= 0.104A, The end effect is clearly visible in Figure 5 in that the values of Ar for the last carbon
atoms exceed the infinite polymer value. '

Both curves for the neutral and positive solitons, can be approximated by a function of the form
Ar = Arg tanh(n/l) as proposed by Su et al, in ref. 1. Taking for Ar,, the value quoted above, we
obtain the best fit for the neutral soliton when k2. This is a measure of the extent of the quasi-
particle, and is in very good agreement with the result obtained by Boudreaux et al. J3}, who found
i=3 through a calculation on C41H43 using the MNDO hamiltonian and Ar,, = 0.1 (inref. 1, the
authors came up with k7).

The values of Ar for the positive sofiton are in excellent agreement with those obtained by Villar
et al. [4) who carried out an ab initio calculation on the same oligomer C21Ha3 as we did, using a
double-zeta 6-31G basic set. All the bond lengths we obtained by geometry optimization agree
within 1% with the ab initio ones. The hyperbolic tangent that best interpolates among the
caiculated points, is calculated with l=7 if Arg= 0.112 is used (as in ref. 5) or with le8 If Are= 0.095
is used, as we did for the neutral soliton. in any case this is somewhat larger than the value k5
obtained in ref. 3. The difference could be due fo the fact that we used the AM1 hamittonian and
Boudreaux et al. used the MNDO one. The agreement is still very good however. :

We aiso calculated the degrees of bonding BAp bstween consecutive carbon atoms, and -

ABAB analogously to Ar for both the neutral and positive soliton. Exeepuormolaummp:;::
where the discrepancy is slightly larger, we again have an agreement within 1% with the ab
values in ref. 4 for the positive sofiton. This, and the agreement for the bond lengths mentioned
- above, gave us an assurance that the semi-smpirical method we used is sulficiently relable for this
purpose. The result for ABAg versus carbon site distance from the center, are shown in Figure 6.
Once again the value for the infinite polymer is shown as a horizontal line, as calculated with the
:Mﬂyl i numzn.hn:pomol.t?mo u:'wm' l'“."gauu%::g
hew resu e c nt inte es very well among

. with (=3 for the neutral solton, and i=8 for the positive one.This theans that the relation

n these curves and the solution of the solitary wave equation in ¢4 field theory [11) goes
beyond the geometrical distribution caused by the detect, and reflects in the associated electron-




2. Soliton-Antisoliton Pairs

We caicuiated the singlet state of neutral soliton-antisoliton pairs in infinite systems using the
cluster approximation described above, and C2oHz2 as the repeat unit. Besides, we repeated the
. calcuiation for separation of R«1,5,9 and 11 bonds between the solton and antisoliton. Table 2
shows the heats of formation of the system for the different separations and the heat of formation
of the C22H22 repeat unit when i is used to represent pristing polyacetylene. This comes out 10
be 141.65 kcal/mol or 12.87 kcaVmol per CH unil. The full CO calculation with the MOSOL
program gives 12.83 kcal/mol for the same guaniity; showing that the cluster approximation is
providing the correct energies to within hundredths of a kcal/mol. As Table 2 shows, the
calculated heats of formation are independent of the soliton-antisoliton separation, within the
uncertainty of the method of a few hundredihs of a kcal/mol. This result is at variance with a
previous calculation by Bredas et al. [12), who used a Huckel-type method with sigma bond
compressibility and cyclic polyene molecules with about 110 carbon atoms to represent the
system. These authors find an attractive interaction between soliton and antisoliton in the

. electronic ground state of the system, i.e. the energy of the system when the soliton and
anlisoliton are in close proximity is about 0.9eV lower than that comresponding 1o a large
separation. This is tantamount to stating that when they are in close proximity we have the
periectly dimerized state, and when they are separated by a distance larger than approximately
twice the width of a soliton, then we have two transitions: for instance, A=) B=PA. (This meaning
that the system is in phase A left and right of the pair and in phase B in between.) The energy
would then rise rapidly when R goes to infinity, to its asymptotic value of twice the energy of one

isolated soliton. The two imits R=)»0 and R=P 0o cannot be argued of course, but the total energy
shouid depend on the exact shape of the soliton pair at intermediate distances. interestingly, we
obtained an unexpected result regarding this point. The two bond lengths adjacent to the soliton
and to the antisoliton are constrained to be equal, but in spite of that, the bond length altemation
is not changed by either particle. Their alternation to the right of each soliton for example,
recovers 1o what it was to the left two bonds past the quasi-particie. This picture is even clearer
when the degree of bonding alternation is examined. It decreases somewhat together with the
bond lengih altemnation, without ever vanishing, and recovers together with the latter, too. In fact
it decreases from its infinite polymer value of 0.74 to 0.65 at the center of each soliton, i.e. less
than 0.11 This implies that the two bonds at each side of either soliton have the same length but
very different degrees of bonding: one is a doubie bond, Bag=1.75 and the other Is single,
Baa=1.10. Figure 7 shows precisely that, for the case when both quasi-particles are nine bonds
apan, but the same is true irrespeclive of the separation. in case there were an influence of a
different environment left and right of each particie, we checked carefully the situation when they
are eleven bonds apart. Then each of the particies has its left and right neighbor at exactly the
same distance in a C2oHz2 repeat unit. The same picture is obtained also in this case. This is of
course consistent with our finding that the energy is the same irrespective of the separation. it is
also consistent with the small energy of creation of the soliton-antisolton pair. According 1o the
results in Table 2, this is only §.55 kcat/mol (or 0.24 eV). Exactly at what distance, both parts of the
pair start behaving as independent particies we of course do not know. Trying larger separations
would entail using farger repeat units, making the system intraclable at this leve! of the theory.
The question immediately arises regarding the nature of the interaction between both particles. in
other words, how does each of them know about the presence of the cther when their separation
is as large as eleven bonds? (it should be kept in mind that their width is two bonds or three bonds
1 each side of the center.) The answer 1o this question is not clear to us at the present ime.

The description based on the more simplstic picture (based on a SSH-type of calculation)

T de ve has already been published in a8 book on the subject [13] by S. Kivelson.

rding to study however, the detalls of the shape of the pair are at the very least

debatable matter. Morsover, we can conciude that due consideration of electron-electron

interactions Is absolutely necessary for an accurate description of the details of the electronic
structure of these systems.

3. Polarons

ARhough the polaron caiculations are still being run, the two values for the energy that we
. ~ aiready have, one for the situation with the two pasts of the system nine bonds apart and the other
five bonds apart, show that there is indeed an attractive interaction in this case. The values are
E{R=8)=271.10 kcal/mol and E{R=5)=266.30 kcal/mol. Their ditference amounts to 4.8 kealmol,
or 0.21 eV. In this case, we find a better agreement with Bredas et al. caiculation [12] of an

attractive interaction of 0.35 eV.
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Table 2

ry

Energies of the soliton-antisoliton pair
for diﬂerent separations

AH (kcalimol)  AAH ¢

Normal C,,H,, 141.65

n R
0 1
2 5
4 9
5 11

147.20 5.55
147.19 5.54
147.26 5.61
147.28 5.63

in both our calculations, we placed the dopant above the plane of the polymer, 3.5A on top of
. the hydrogen bonded to the carbon atom where the center of the left soliton is. This of course

destroys the C2n, symmetry and gives rise to a large dipole moment, of about 18 debyes.
Energetically, it takes about 121 kcal/mol (or 5.2 eV) to introduce the dopant (i.e. lonize the

polymer) and create the polaron, as compared with the energy of the system with a neutral soiton-

antisoliton pair. A more detailed study of the electronic structure is presently underway.

LINES OF FUTURE RESEARCH ' '

This research can be extended to include negative polarons and positive and negative
bipolarons in polyacetylene. Several issues regarding this subject need clarification.

Also, other interesting highry conducting polymers can be studied with these techniques,
be superconducting

Mdng (SN)x which is know to

&t very low temperature.

Figure 7 .
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Then, the next step would be the detalled siudy of the band structure associated with quasi-
particles. The few publications on this subject are not in agreement with one another. For
example, Fukutome’s calculation [2] (see above) gives a structure of levels in the band gap very
different from what is routinely accepted from the SSH-type of work. This is a challenging
calculation in any case, because Hartree-Fock based methods, whether ab initio or semi-empirica!
are know 10 exaggerate notoriously the band gap and not give very accurate densities of states.

There are also some very important theoretical Issues to explore. For instance, which is the
relation (if any) between conductivity and hyperpolarizabliities. This subject can be investigated
with the same 100ls described here.

The statistical mechanical aspects of quasi-particies, are also essentially unexplored, for
instance the coupling of two fermious into a boson, as in the formation of a soliton-antisoliton pair.
Can this be considered a pairon? Does it obey a strict Bose Einstein statistic? Does it bear any
relation with Cooper-type pairs? These are only a few examples of unanswered questions.

Finally, it would certainly be worth exploring in more detail an interesting, very recent
suggestion by Mazunder and Ramasesha [14) about a bipolaronic mechanism for
superconductivity in organics to see if the same ijea can be applied to polymers of other
structures and compositions.

Some of these Issues will be addressed in our laboratory, and the results published elsewhere.
CONCLUSIONS

We have been able in this investigation 1o use some new tools and ideas and have found some
previously unreported aspects of the electronic structure of quasi-particles.

Ours is one of the first calculations of infinite polymers when quasi-particles are present, and the
first 1o our knowiedge in which the dopant is explicitly taken into account. This is also the first
calculation (at this leve! of theory) of the interaction between the two parts of the system in a
soliton-antisoliton pair or in a polaron.

The difference between the ROHF and UHF descriptions had not been pointed out before.
The question still remains, if correlation has to be included, which is the minimum level of theo[y
‘t;eoessary for an accurate description of alf the properties of the system. We intent to address this

sue.

We also believe that the use of the "degree of bonding wave" (DOBW) is the most descriptive
fool available to understand, in the most pictorial way, the characteristics of the electron density
distribution. We have shown as well that the DOBW also can be described by a hyperbolic
tangent functional dependence with the distance from the center of the soliton.

Finally, we have found some unexpected features of the electron structure associated with a
soliton-antisoliton pair, that we believe are important for the detailed understanding of this, and

probably other quasi-particles.
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